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This final report covers the first part of a two phase program to investigate, 
perform trade-off studies and prepare conceptual and preliminary designs 
leading to one final design of a modular photovoltaic stand-alone system 
capable of developing up to fifteen kilowatts of power. Emphasis was placed 
on achieving low cost, reliable balance of systems, capable of being deployed 
world-wide . 

The final design, recommended for the Phase Two engineering model development, 
incorporated modular, building block power unite capable of expanding 
incrementally from 320 watts to twenty kilowatts. The l^elc power unit was 
the equivilant of 1«28C kilowatts. 

Control units, power collection centers, electrical protection subsystems, 
power switching and load management circuits were housed in one or two common 
enclosures, depending on the number of power units. Photovoltaic modules were 
hooked up in a horizontal daisy-chian method via Amp Solarlok connectors 
installed on the back sides of the photovoltaic modules. A frameless panel 
accommodated the miounting of the modules. Panel support structures and 
foundations were of a unique planter (tub-like) configuration to allow for 
world-wide deployment without restriction to types of soil. One battery 
string capable of supplying approximately 200 ampere hours nominal carryover 
power was provided for each basic power unit. 
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1 . 1 Overview 

The primary objective of Contract DLN3-207 was to develop a family of modular 
stand-alone power systems that covered the range In power level from 1 kw to 
lA kw. Products within this family were required to be easily adaptable to 
different environments and applications, and were to be both reliable and cost 
effective. Additionally, true commonality in hardware was to be exploited, 
and unnecessary recurrence of design and development costs were to be 
minimized; thus improving hardware availability. Assurance of compatibility 
with large production runs, was also an underlying program goal. 

A secondary objective was to compile, evaluate, and determine the econom>ic and 
technical status of available, and potentially available, technology options 
associated with the balance of systems (BOS) for stand-alone photovoltaic (PV) 
power systems. The secondary objective not only directly supported the 
primary but additionally contributed to the definition and implementation of 
the BOS cost reduction plan. The power systems considered in this contract 
were PV stand-alone (no utility grid backup) DC systems utilizing flat plate 
silicon solar cell modules. The study was expanded to include modular systems 
of fractional kilowatt power levels with ratings from 1/A power unit (PU) 
approxiniately 320 watts pk, to 16 power units (PL) 20, Ab kW pk. (Forty 1 ft x 
A ft PV modules, each delivering 32 watts, were used for establishing the 
basic PL value; the actual power of a PU will vary from this nominal value 
proportionally to the power rating of a given PV module). 

Ihe systems were configured for world-gide application within a general 
environmental temperature range of -15 C to +15 C, and had limited but 
acceptable perform.ance in adverse insolation environments. The central thrust 
of the design was directed toward sun-belt (moderate teniperature/equatorial) 
applications requiring reliable (but not necessarily uninterruptible) power 
from, the photovoltaic energy source. Basic BOS elements considered were the 
photovoltaic module/ panel support structures, the battery protection and 
charge controls, lightning and fault protection (and other protection against 
abnonr.al or out-of-tolerance electrical everts), load management, instrumenta- 
tion and diagnostics, electrical/mechanical installation, and checkout and 
operation. Economic analysis and cost trade offs of the BOS elem.ents were 
ongoing tasks in the effort. 

Hughes has completed the work, directed or implicit in Phase 1 of subject 
contract. The program; plan was executed in full accord-ance with stated NASA 
LeRC requirements and contract obligations; it featured a tim.e phased effort 
starting with background research, functional, design and cost analysis and 
evaluation of options of candidate BOS elem.ents. Subsequently, an orderly 
systeni design sequence was developed, starting with conceptual design, and 
progressing through preliminary design into the final design effort evolving 
the baseline m.odular systemi. 
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1.2 Discussion of Results 
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The technical results of the program have been meaningful, hiajor objectives 
were met and a modularly expandable design satisfying both cost and 
performance requirements has resulted. Excluding the PV modules and the 
batteries, the balance of the fabrication and assembly designs developed is 
straightforward, Involving no unusual procedures or processes. 

Power Storage 

hughes hoped that evaluation of the BOS options for energy storage would lead 
us into operationally practicable devices and techniques that were cost 
competitive and exhibited a higher energy storage density than the lead acid 
battery. Such was not the case: the lead calcium, version of this cell became 
the most formidable contender earlv on in the program and remained so 
throughout the competition. Initially, low head hydrostorage was a candidate; 
it was found to com.pare unfavorably as a primary storage media — principally 
because of its very low energy storage density and site specific nature. It 
was however recognized that pumped water storage as a product, if for no other 
reasons than for village use and for irrigation, represented a highly 
effective way of utilizing the vital photovoltaic power resource that 
otherwise might have been wasted or rejected. 

Load Management 

The development of practical load management strategies was determined to be 
an essential requirement. Stand-alone system availability considerations, as 
analytically developed by the NASA LeRC staff, were important in developing 
representative scenarios for LOEP (loss of energy probability) and LOLP (loss 
of load probability) and in the n.echanization of load management sensors and 
logic, as well as the power control prioritizing circuits. Once the basic 
performance attributes of any stand-alone system were established, the key to 
meaningful load mianagement involved the battery state-of-charge (S.O.C.) 
during the discharge cycle. Ue reviewed and summarily analyzed options known 
to us for sensing S.O.C. One approach, that of a GO/NO-GO cell specific 
gravity sensor, ultimately becam.e the m.ost imniediately desirable candidate 
device; it was subsequently incorporated into the control system design. This 
particular methodology permits a direct paramietric assessment of S.O.C. 
Future developm.ent of simpler inferential methods are, however, indicated. 

Power Collection 


Our developmiental goal of devising an optim.al power collection and field 
wiring topology appears to have been achieved. The horizontal daisy-chain 
wired branches, with radial collectors reduce ancillary array hardware needs 
and facilitate fault isolation. These features enhance system reliability and 
energy delivery. The interconnection methods also lend them.selves well to 
system hook-up by relatively unskilled personnel. 

Power Control 


Power control/conditioning received considerable emphasis during both the 
analytical and design phases of the program.. Initially, this element was 
exhaustively reviewed and analyzed for all potentially viable alternatives for 
regulating che charging of the energy storage battery. The first findings 
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disclosed that most conventional charger-regulator circuits candidates did not 
vary broadly either In design tine or In production costs. Minor direct 
leverage on life cycle costs (LCC) and lifetime energy costs (LEC) was 
therefore directly exercized by these circuits. However, choice of a 
regulator circuit and its characteristics with regard to minlniztion of 
charging stress did indeed exert significant leverage on LCC and LEC, 
principally because a functionally superior charger/regulator produces 
smoother incremental or ir.vil tistate charging. This gentler charging regime 
should lengthen the service life of the battery and perforce reduce the number 
of replacement cycles required over a 20 year service lifetime. The Hughes 
series (relay/solid state hybrid) charger/regulator , operating in multilevel 
modes, provides these essential control characteristics. 

Structures 


PV panel support structure evaluation and design have resulted in a low-cost 
environmentally rugged BOS element. The Hughes Frameless Ballasted Tub or 
Planter Design is almost universally deployable. This design is optimally 
cost effective lor stand-alone system applications. 

Safety and Electrical Protection 


In the area of safety and electrical protection, we have designed to minimize 
the extent, duration, and severity of outages at a cost consistent with the 
goals for other BOS elements and the systemi as-a-whole. It is most difficult 
and costly to make any electrical power generator "idiot-proof"; we have, 
however, niaximized the safety of involved personnel through the use of 
approved electrical practices and materials, and straightforward and 
unambiguous operating and maintenance procedures. A ground fault relay is 
included for protection of errant personnel from this particular hazard. 

1.3 Conclusions 


To summarize, the major project objectives have been met; com.petltive , cost- 
effective designs have been evolved or specified for the major BOS subsystems; 
the system is safe, maximally modular, and expandable. In-house designed 
systems represent the present state of off-the-shelf technology as embodied in 
rugged, reliable, easily produced apparatus. Design life expectancy has been 
established at 20 years. Improvements do, however, exist for a number of the 
BOS elements and the central photovoltaic generators as well. lo this end, 
the Hughes designed modular system is configured and partitioned such that 
individual BOS subsystem.s may be upgraded without major system redesign. 

Several advanced electrochemical storage subsystem<s were originally considered 
as prime candidates for possible stand-alone deployment. Ihese were REDOX, 
the "new" Nickel-Iron Battery, the Iron-Air Cell, the Nickel-Hydrogen Cell, 
tlie Nickel-Zinc Battery, the Zinc Bromine and tiie Zinc-Chlorine couples. 
REDOX and the Zinc-Brom-lne battery appeared to be those most further advanced 
in terms of "near" to "intermediate" term application to stand-alone 
terrestrial PV power. In the iorseeable future, any one of a number of 
advanced storage systems reaching production maturity could be retrofitted 
into our system designs with minln.al travail. Similarly, the array field 
design is not overly sensitive to module dimensions or characteristics. 
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2^n Introduction 

Terrestrial photovoltalcs Is an emerging power technology of high promise. 
Early proponents recognised that the contribution of this renewable energy 
source could be significant in providing power to remote, Isolated sites 
throughout the world. A number of developmental, analytical, and 
demonstration projects were therefore undertaken in the Department of Energy 
(DOE) National Photovoltaic Program. The goals of these projects were proving 
design, operating principles, and reliability of stand-alone systems, and 
economically meeting the power needs of these remote, isolated locations. 
During these projects, it became apparent that stand-alone PV would ultimately 
need both greater flexibility and lower cost for meeting a variety of 
dispersed power needs. It was also recognized that eite-to-slte differences 
Involved specific equipment complements, not major disparities in the basic 
design requirements. The stage was therefore set for exploring a number of 
optimal expandable modular configurations with broad stand-alone 
applicability. 

There is not a unique, simplistic solution to developing low cost stand-alone 
photovoltaic systems. The solar cell was the principal high technology item 
pacing optimally cost effective utilization of these systems. Although 
extensive government supported effort was underway in evolving low-cost 
photovoltaic cells and modules, little had been accomplished in developing low 
cost balance of systems (BOS). The design and specification of the balance of 
systems appears to be relatively straightforward, but highly influenced by the 
state of the art and cost of BOS components, which are mostly products of 
mature technologies. A systematic and comprehensive effort was initiated, 
therefore, to evaluate the technology options and costs of BOS elements and 
the designs of modular photovoltaic systems to determine which components and 
systems configurations are amenable to further developments, modifications, 
and cost reductions. 
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Scope of Proent Work 


The DEN3-207 contract covered the development of a family of modular stand- 
alone photovoltaic power systems. Power ratings were from less than 1 kWp to 
nominal maximum outputs of 15 kVp. Tliese modularly expandable systems 
featured a high degree of hardware commonality to eliminate recurrent design 
and development costs and to reduce production costs by facilitating large 
production runs. The project also Involved a cost-reduction effort to reduce 
Che BOS elements cost and the lifetime costs of energy produced by these 
systems. The scope of work of this contract Included technical activity In 
two sequential phases: Phase 1, modular system design, and Phase 11, 
constructing and evaluating of the selected modular final design developed 
under Phase 1, . Phase 1, which Is reported here, was executed In several 
tasks, all essentially sequential with well defined milestone achievements. 
These tasks included: a) analyzing and evaluating BOS elements and cost; b) 
conceptual designs of prescribed alternative systems; c) preliminary system 
design, again with several approach options; and d) final system design, 
design review, and documentation. Results of Phase 11, Including hardware 
development and system fabrication and test, will be documented In the Phase 
11 final report. 

2.2 Relevance of the Material Reported to the General Field 

The stand-alone designs developed under this project and the applications data 
presented will be of direct Interest to any group/agency seeking a cost 
effective solution to the suppling village or remote power by terrestrial 
photovoltaic generators. Remote power applications dictate that photovoltaic 
power system designs offer high operational reliability and longevity. These 
systems, to be deployable universally with a minimum of site specific 
engineering, will satisfy program objectives. 

2.3 Purpose of Subject Effort Precisely Defined 

The purpose of this effort has been to advance the state of the art of stand- 
alone photovoltaic power systems by creating a family of cost effective 
modular power systems that would be available without custom design, for a 
wide variety of applications and environments, over a broad range of power 
outputs and usage. Emphasis has also been placed upon development and 
specification of BOS elements that exert maximum beneficial leverage on system 
life cycle costs. 
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3.0 ANALYSIS OF BOS ELEF.EMS 


3. 1 Sumica ry 

Section 3.0 traces the conduct of Task 1 through the following sequential 
phases : 

o Identification and listing of BOS element options, 
o Developing the rationale for assessing cost-effective alternatives, 
o Evaluating performance, cost effectiveness, and leverage potential of 
each option. 

o Recommending and ranking options for reduced energy costs and Improved 
performance . 

o Development of optimal approach for subsequent conceptual designs. 

The thrust of Task 1 was to accurately project BOS element costs as a function 
of application, type of device, and present and future state of that 
technology. The cost of present stand-alone systems and equipment was 

analyzed, as was the potential impact of technology advancement upon 
particular BOS functions, performance, and cost. 

3.2 Identification of BOS Elements 


Hughes projected a number of possible options ir. BOS element categories 
corresponding to those given In Exhibit A of the governing Statemient of Work. 
This listing of options, presented In Figure 3.2-1, was drawn from 
advancements and Innovations developed during the initial Phase I efforts, as 
well as from prior and ongoing work pursued by others. The listings were used 
as a point of departure for subsequent evaluations. Funding and time 

scliedules llmiited the extent of in-depth exploration of each ptomlsing 
artifact in each BOS category. 

3. 3 Array Structures, Foundation, and Site Preparation 
3.3.1 Guidelines and Criteria 

Guidelines were developed for this important BOS element. The major criteria 
used to develop recommendations for a cuperior cost-effective design included: 

o Economy of manufacture ease of transport, and Installation, 
o Deployment on a world wide basis, along with a capability of being 
fabricated by diverse sources. 

o Avoidance of using exotic design materials, techniques, or processes, 
o hodular expandabity from 1/4 Power Unit (P.U.) through the 16 P.U. 
level. (One P.U. was chosen to represent a nom.lnal one kilowatt peak 
power system). 

o Compatible with Installation and usage in all terrains and with 
several different foundation designs, 
o Survival without damage in a worst case Installation environment, 
o Ease of service and a twenty year operational lifetime survival, 
o No conflict with the Integrity of-or unacceptable cost Impact upon- 
other functional subsystems. 

Within this framework the most promising candidates for array panels, founda- 
tions, footings, and Integrated structures were Investigated and evaluated. 
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3.3,2 Array Field Panel Structures 


In excess of twenty basic variants of low-cost array superstructures (as well 
as foundations) have been designed, manufactured and installed. Included are 
the configurations generated and analyzed by Bechtel, JPL, Batelle, Martin 
Marietta, NASA LeRC, et al., as well as those embodied in the various 
flatplate PRDA's and other DOE stand-alone demonstration systems. A number of 
these approaches were initially rejected because of almost unique applica- 
bility to intermediate sector utility interactive systems; others showed 
ll'.tle promise as the results of marginal cost effectiveness and/or using 
materials and construction methods incompatible with remote, stand-alone 
applications. The configurations considered worthy of further analysis 
include those given in Figures 3,3-1, 3.3-2, 3.3-3, 3.3-A. Other designs did 
not appear to embody any singular features: these were classified generlcally 
and embodied in the concepts illustrated. 

Because of the extensive amount of analysis data available and the public (PV 
community) exposure, the JPL "low-cost" concept was thoroughly examined; it 
merited specific identification as an Integrated concept. The JPL "low-cost" 
roll-formed metai panel was directed toward large area panels (typically 8 ft. 
x 20 ft.) and large volume production for intermediate sector use. Trench 
excavation would at the minimum require a trencher and more likely a back-hoe. 
Shipping the large wooden structural elements and sheet metal forms posed a 
logistic problem. Our conclusion was that this design would be both difficult 
and costly to apply to PV systems deployed world wide. 

However, the availability of the JPL design data was, however, most valuable 
in assis^.’ng in developing improved approaches. The panel structures for an 
FPUP procurement for NWC China Lake were under design. Evaluation of these 
designs against the criteria cited under 3.1 preceding was made, and these 
designs appeared to meet stated guidelines. 

The Hughes panel designs (depicted in Figures 3.3-2, 3.3-3, and 3.3-A) consist 
of two vertical side support channel members 10' long, joined by horizontally 
oriented PV modules. The channel members have 3" flanges and 2" sides. This 
size yields a suitable section modulus and allows ample space for fastener 
access. It accommodates a wide range of module types and widths. The 
cliannels are oriented with their sides facing inward, placing the 3" channel 
surface in line with the outer edges of the modules to form the panel. 
Adjacent panels thus share common front mounting stanchions and rear support 
legs. The nominal module area per panel is A ft. x 8 ft. The 10 ft. long 
panel channels provide the additional length needed for module ground 
clearance . 

3.3.3 Panel Economy 

JPL's "low-cost panel" frame costs were used as a "standard" to evaluate the 
cost effectiveness of the Hughes "frameless" panel. Cost versus quantity 
curves for these panels are given in Figure 3.3-5. The Hughes panel is cost 
effective becciuse the modules are used as structural elements. This use 
eliminates the need for panel frame members on two sides of the "frame", thus 
allowing the same panel side support channels to be used on a variety of 
module sizes without changing the basic geometry of the "frame." The channels 
are fabricated from cold-rolled 1010 alloy sheet steel, which has a >ield 
strength of AA kpsl. Small quantities of the channels are brake formed; large 
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Concrete Curb St rue*" i.Te /Foundation 
FIGURE '>.3-2 
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Post Hold Concrete Pier Structure /Foundation 
FIGURE 3.3-3 
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production runs would justify roll-form tooling. A significant cost advantage 
is realized by fabricating the frame members from flat stock. All module and 
frame mounting holes are simply punched into the flat stock on a tape 
controlled "strlpplt," at a cost of 10-15 cents per hole versus the 25-30 
cents per hole required for drilling holes into standard structural channels. 
In large volume, this hole cost could be reduced by tooling permitting 
simultaneously punching of all holes. 

3.3.4 Ease of Installation 

The compact size and light weight of the Hughes panel were found to 
significantly enhance installation ease, safety, and economy. 

Tu'o men can readily handle and install a panel, eliminating the need for 
special cranes or lifting tools. Panels are laid flat at the installation 
site, at ached to their front foundation supports, pivoted up to the proper 
tilt angle, and then attached to the rear support legs. Usually the common 
support leg from the preceding panel would have been in place to make the 
first rear attachment, thus eliminating the need to simultaneously raise the 
panel and one of its rear support legs. 

Wiring and interconnection may proceed safely once the panels are physically 
in place. The overall height of the Inclined panels is about 8 ft. assuming 
an inclination angle of about 30 from the horizontal. All panel wiring is 
thus accessible to personnel standing on the ground or on the Integral battery 
platforms incorporated into the selected foundation designs. Ladders and 
their inherent risks are not required. For equatorial installations, panels 
will have to be temporarily tilted on the north or south side to avoid working 
under a low horizontal panel row. 

Individual modules miay be removed from a panel assembly by first disconnecting 
the integral module electrical connectors then physically removing them. 

3.3.5 Terrain Considerations 


The task of specifying alternate foundations for securing these panels to the 
varying terrains was then addressed. The following site selection factors 
were first reviewed: 

1. Proximity to electrical load. 

2. Orientation to sun. 

3. Terraln/soll . 

4. Contours/site preparation. 

5. Accessibility. 

6. Availability. 

7. Climatic conditions. 

8. Security/protection. 

Of all these factors, the terrain/soil one was the most open to choice. The array 
site had to face the sun, be accessable, and be reasonably near the load. These 
requirements might be in conflict with requirements for installation under optimal 
soil/terrain conditions. Four main terrain types were characterized. Several 
foundation options, each best suited to a particular kind of terrain, were also 
developed. These founding options, and their specific terrain type compatibilities 
are reviewed in the paragraphs following. 


3.3.6 Array Foundations 

The primary terrain types to be dealt with when founding an array are: 

1. Soft, level dirt or sand. 

2. Hard, uneven earth, possibly with some rocks. 

3. Dirt with a heavy rock concentration. 

4. Solid rock. 

Because most array sites involve two or more of these primary terrain types, 
the proposed footing designs had to apply to more than a single type of 
terrain. The four proposed designs and their primary terrain applications 
are : 

1. Concrete curb footings - soft, level dirt. 

2. Concrete post footings - hard, uneven rocky dirt. 

3. Ballasted planter tubs - rock filled dirt. 

A. Grouted rods with dry-pack feet - solid rock. 

Ihese array founding systems, with the exception of the solid rock mount, are 
all economical, simple, and straightforward to Install. They utilize the 
panel itself or a simple alignment spacer as the major foundation stanchion 
aligning tool, thus requiring little accurate measuring and alignment. The 

material and installation costs for these founding systems for various 
quantities are presented in Figures 3.3-6, 3.3-7, and 3.3-8. 

3.3.7 Concrete Curb lootings 

A level array site, flat and free of rocks, is compatible with any of the 

first three array founding options. However, the curb footing (Figure 3.3-2) 
proved to be the most cost effective (Figures 3.3-6, 3.3-7, and 3.3-8). The 
curb trenches can also be usea for the intracabling and the burial for wiring 
and grounding counterpoise. The cost savings of this methodologuy becomes 
more signficant for higher system power ratings. 

After the array field location has been determined, the curb foundations are 
installed as follows. Ihe site, if not reasonably level, would first be 

graded. The trench digging method would be determined by the array size, 

location, and local labor costs. The trenching for small arrays could easily 
be done manually, assuming 50 feet of trenches per kilowatt of array power. 
The trench sizes required to withstand the wind and other environmental loads 
were determ.ined to be approxlm.ately 6 to 3 inches wide by 2 ft. deep on the 
front foot, and 10 to 12 inches wide by 2 ft. deep on the rear foot. After 
trenching has been completed, the vertical panel support stanchions are placed 
in their approximate locations in the trenches and bolted to alignment 
spacers . 

Elevation inaccuracies are easily remedied by tapping on raised stanchions and 
driving them into the trench bottom until their mounting holes are at the 
proper level. Concrete would be poured into the trenches up to ground level 
or slightly above. Formed curb tops are not required unless they support the 
array batteries depicted in Figures 3.3-9 and 3.3-10. After the concrete has 
cured, the alignment spacers are removed and replaced by the panels. 
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Foundation Material Costs 
FIGURE 3.3-6 


3-9 


ORIGINAL PAGE 18 
OF POOR QUALITY 


• iOUtl/ALCNT POWCA A1 NOC 

/AIV tOkW tOOh^ iOMV^f 



Foundation Installation Costs 
FIGURE 3.3-7 
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Installed Foundation and Structural Array Support Costs 

FIGURE 3.3-8 
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Array Batteries Supported on Concrete Curbs 
FIGURE 3.3-10 
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Ihe JPL "low cost" foundation concept exhibits the attributes of both the 
concrete curb footing and the ballasted planter tubs. It Is similar to the 
concrete curb founding approach In that It requires continuous trenches 
prepared with reasonable care. It Is similar to the planter method In that It 
depends upon bulk native material (In contrast to on the site cast concrete) 
for its structural rigidity, assurance of permanent positioning and 
invulnerability to upending moments. 

3.3.8 Concrete Post Footings 

Soil conditions, lack of trencher access, or concrete raw material shortage 
may preclude using the concrete curb. In these circumstances, concrete post 
footings may be deployed economically. Tills foundation, depleted in Figure 
3.3-3, Is similar to the curb footing, the major difference being the 
replacement of trenches with post holes. Post hole augers are portable, two- 
man operated; motor driven units can be carried to locations that are 
Inaccessible to veiiicles. Al lernatively , an electrical demolition spade, 
powered by a small engine generator, may be employed effectively. 

To Install this foundation, post holes about 3 ft. deep and 1 foot in 
diameter would be dug at the points where panel support stanchions were 
required. Hole location inaccuracies would be remedied easily with a shovel 
when the stanchions were attached to the alignment spacers and sited. The 
remainder of the installation would be performed identically to the curb 
footing installation descilbed previously. 

3.3.9 Ballasted Planter Footings 

Remote systems are frequently located on mountain peaks to power communication 
gear and other equipment. The Hughes FPUP China Lake installations are a good 
example. The soil is composed typically of rocks of various sizes in a soil 
matrix. Digging foundation holes or trenches could be expensive. The Hughes 
ballasted "planter" was developed for this application. While the planters 
material costs are the highest of the designs proposed (Figure 3.3-7), its 
installation is the lowest (Figure 3.3-8). 

The planter (Figure 3.3-A) consists of a hot-dip galvanized sheet metal trough 
weldnent with the panel support stanchions located at the ends. Installati n 
involves locating the planter positions, clearing use areas of major rocks and 
vegetation, rough shovel grading of the planter pads, and placing the planters 
thereon. Spacer rods arc then fastened between the adjacent planter 
stanchions to ensure easy acceptance of the array panels. Steel spikes are 
placed into the hole at each end of the trough bottom and driven into the 
rock/boll aggregate to ensure fixed location. The planter end closures are 
then bolted into place; the rocks, soil or sand bags, used to ballast the 
panels, also serve to lock in the spikes. Tlie space between the lower lip of 
the end closure and the bottom of the trough, produced by the spike head 
thickness, allows rainwater to drain from the planter trough. With their ends 
in place, the planter troughs are filled with nearby rocks and/or dirt or sand 
bags. Wooden battery platforms are bolted across the planter's top flanges 
and the batteries installed. This founding design appears to have almost 
universal site applicability. 
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3.3.11) Solid Rock Mounting 


Soire Installations, particularly those located on high inountaln peaks, might 
need to be sited on solid granite terrain. An accepted method for Interfaclrig 
with this terrain Is to drill the rock. Insert threaded studs with a nut at 
the lower end Into the holes, align the studs and pack the studded holes with 

an expanding grouting. These studs are held In proper location and alignment 

by threading nuts on them down to the desired foot~top level, and by then 

placing properly sized and pre-drllled plywood foot-top forming plates over 

the studs. The plates are leveled to the proper height with the stop nuts and 
locked Into position with additional nuts. The plates would be adjusted to 
the proper height and leveled before grouting the rods. 

After the grouting has cured, concrete feet are formed under the plates with 
2500 psl drypack concrete. After the concrete has cured, the plywcod forming 
plates are removed, and the brake formed sheet steel stanchion feet are bolted 
to the studs. The cost of each footing is high because of the extensive 
preparatory labor content. 

To be cost effective, this method requires that a number of panel assemblies 
be supported by a common set of foof^ngs. Ihls method of support In turn 

requires additional horizontal rigidity. Adjacent panel sections share common 
feet similar to the other founding methods. 

3.4 Array Field Wiring & Interconnects 

3.4.1 Design Selection Criteria Guldfllnes 

Power collection from dispersed PV field's elements Involves several 

considerations: a) the method of Interconnecting the modules to form the 

basic power block, b) the wiring topology of the Integrated collection 
network, and c) the physical configuration of the actual Interconnections. 

A typical I ft.x 4 ft. module generates about 32 peak watts under normalized 
conditions. The output of a 2 ft. x 4 ft. module would be twice that, a 
nominal 64 watts. The systems under consideration have ratings from less than 
1 kwp to 16 kwp. If no constraints are applied, a virtually unmanageable 
number of alternative approaches involving different circuit physical 

configurations srj component ratings would exist. 

A number of ground rules were therefore applied as follows: 

1. Only two basic module ratings were used: the 1 ft. x 4 ft. module 

(32 Wp nominal) and the 2 ft. x 4 ft. module (64 Wp nominal). 

2. A^lP Solarlok connectors would be employed in Intermodule wiring for 
reasons of suitability and optimal maintainability. 

3. The minimum power block would be either 320 watts (130 VDC (? 2.13 ADC 
with 1 ft. X 4 ft. modules) or 640 watts nominal (150 VDC & 4.3 ADC 
with 2 ft. X 4 ft. modules). 

4. Wire size restricted to 10 AWG and 14 AWG to ensure compatibility 
with Solarlok connectors. 
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b. The standard 1st level nodular assembly would be the 4 ft. x 10 ft. 
panel, housing either eight 1 ft. x 4 ft. modules, or four 2 ft. x 4 
ft. modules. 

6. The panel would be required to be only a physical or utructural 
entity; its designation as a discrete electrical building block would 
be at the discretioi; of the designer. 

7. The "octopus" panel configuration, that of making the series or 
parallel module interconnections in a central panel "J-Box," would be 
an acceptable alternative to direct module-to-module interconnect. 

8. The baseline system would be required to generate 1 Kw pk under the 
following standard conditions: 

2 

Insolation: 100 mW/cm , 

T ambient: 28°C 

Air Density: Airmass 1.5 

9. The baseline 1 kWp power rating is considered to be a nominal value 
and was established as the basic "one power unit," or 1 P.U., in the 
evaluation of alternative intermodule wiring configurations. 
Variations from this target rating were permitted. For example, the 
1 P.U. nomenclature for an array field delivering 1.2 kWp was 
acceptable . 

3.4.2 Inter-Panel/Nodule Wiring Topology 

These alternatives and associated trade-offs shap>e the characteristics of the 
basic power building block*; ^nd the overall array field topology. 
Flexibility, relative cost, mainit. .liability , and freedom from shading losses 
are among the evaluative criteria. The circuits for six candidate topologies 
are given in Figures 3.4-1 through 3.4-6. These approaches, each of a nominal 
1 power unit (P.D.) rating, are: 

A. Series connected blocks of 4 ft. x 8 ft. panels (32 sq ft. active 
area) to achieve a nominal 150 VDC branch circuit (Figure 3.4-1). 

B. Horizontal, folded Daisy chain of 1/2 panels, each of 4 parallel 1 
ft. X 4 ft. modules (Figure 3.4-2). 

C. Horizontal Daisy-chaining of two folded rows of individual modules (2 
each 1 ft. X 4 ft. in parallel) in adjacent panels to fonri a branch 
circuit (Figure 3.4-3). 

D. Series connected blocks of 4 ft. x 8 ft. panels with series parallel 
15 volt 1 ft. X 4 ft. modules. 


E. Horizontal 
panels . 

folded 

Daisy 

chain 

of 

2 ft. 

X 4 ft. modules 

on adjacent 

F. Horizontal 
panels . 

folded 

Daisy 

chain 

of 

1 ft. 

X 4 ft. modules 

on adjacent 
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In Coni I t;ur.iU on A (Figure 3.A-1) each p.inol In the serlcH string becomoK <i 
so|i.i r.i t o i‘ 1 0(1 r I r.'i 1 onllty rnltcJ 30 VUC t* ‘J.2 iintpK lor iho part Irulnr 1 I t .^x 
A It. moduli- ty|a- i-xanii lud . At pink array rurri-nl, the j)ower loss duo to 1 K 
wire losses Is approximately 0.44 percent. When the lower modules are 
differentially shaded, the entire array output Is proportionally degraded. 
Maintenance ease Is somewhat limited as the result of Inherent difficulty of 
fault Isolation without complete array shutdown. 

Configuration B (Figure 3.4-2) treats a four parallel module, one-half panel 
block as tlic basic electrical entltly. It Is considered Inordinately 
sensitive to shading losses because all of the half-panels are In series. An 
"octopus" arrangement, l.e., a separate current summing rode for each 1/2 
panel could decrease wire losses slightly; at 0.36 percent, these losses do 
not pose a problem. 

2 

Configuration C significantly reduces I K losses to an estimated O.U4 
percent. The folded horizontal daisy-clialn minimizes intermodule wiring, and 
some immunity to lower module sliadlng is provided by the two parallel 
branches. While the maintainability is not yet optimal, it is improved over 
that of the previous configurations. 

Configuration D is a variant of Configuration A; it should be slightly more 
immune to differential shading. Power losses are about 0.36 percent. This 
series panel configuration (with parallel modules) does not result in non- 
ambiguous fault diagnosis. Fault Isolation, partial restoration of service in 
the event or a partial panel outage, is possible, but not at all convenient. 

Configuration E creates two horizontal daisy-chained strings of the physically 
folded type. The basic building block is the 2 ft. x 4 ft. module producing 
15 VDC at 4.26 ADC (64 Wp nom). Two 150 volts output branches are formed; 
wiring losses are estimated at 0.2 percent. Half power can be maintained in 
the event of a faulted branch. 

Configuration F is that of a folded-horizontal daisy chain of ten each 1 ft. x 
4 ft. modules. Ihe output of each of the four strings is 15 VDC (? 2.16 ADC. 
Power losses are estimated at about 0.15%. Maintainability should be 

excellent . 

3.4.3 Power Collection Topology 

Section 3.4.2 was concerned with some alternative coni igurations tor module- 
tomodule wiring and panel interconnection. Several potentially cost-effective 
power "building-blocks" were also Identified. At some point the power 
generated by the dispersed interconnected modules will have to be summed on a 
battery or load bus. Tlie selection of a particular power collection network 
design is partially independent of the precise configuration adopted for 
intcrpanel/module wiring. Several of the most promising options are: 

a. A tapered ampacity bus or "Christmas Tree." 

b. Loop power collection with a single prime bus. 

c. Radial power collection. 

The .ulvanl igi-s .iiul il i s.-ulvantages ol tlii-si- three basic alternatives an- 
explored in the paragraphs lol lowing: 
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PANELS CONSISTING OF 8 - I* X 4‘ MODULES 16 VDC EA. AT 2.3 AMPS 
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3. 4. 3.1 Tapered Ampacity Eus 

A representative power collection tree is depicted in Figure 3.4-7, 

A series module string of ten generates 4.26 ADC & 130 VDC. For this 
configuration, from four to perhaps twelve of these basic blocks can be summed 
in a field J-Box mounted on or near the array structure. For larger fields it 
would be cost effective to sum again in secondary J Boxes, depicted as J Boxes 
"B" in the sketch. Similarly, for fields above 100 kWp, a sumning node at J 
Box "C" might be included. 

Cable cost per unit length is approximately proportional to conductor cross- 
section and thus copper weight. When sunning photovoltaic currents, each 
successively larger conductor must maintain the same inverse ratio of current 
to specific resistivity as the smaller contributing branches. Bus ampacity 
tapering does not appear to suffer e disproportionate wire size/cost penalty; 
for these lower system ratings, the cost of the additional J-Boxes, 
interconnect hardware and the installation labor, plus some loss of quantity 
discounts appears to outweigh any advantages obtained from reducing the number 
of long runs of smaller wire. 

3. 4. 3. 2 Loop Power Collection 

Loop Power Collection is the complement of the loop power distribution. The 
latter is used extensively by electrical utilities. A representative loop 
system is depicted in Figure 3.4-8. In this example, the several dispersed 
sources could typically be photovoltaic array sub-fields; possibly the power 
output of a compatible wind-turbine might be fed into the loop. 

This methodology becomes dominant where the power sources are highly dispersed 
and irregularly sited. It is also inherently redundant; for example, a break 
in the main feeder at point "X" will not interrupt power. With regard to 
distance factors, the physical configuration may be such that it would be more 
economical to cable from A to D than to run separate feeders from central to 
both dispersed sources. For compact stand-alone systems, the loop approach 
appears to be an impratical choice. 

3. 4. 3. 3 The Radial Topology 

The topology of the radial power collection field is depicted in Figure 3.4-9. 
Power from the contributing branch circuits is routed by a dedicated cable 
back to the power controller. The configuration depicted is that of a 6 Power 
Unit installation. 

Series connections of the end modules (or panels) will provide the final 
connections for power collection. In the radial approach, these interfaces 
simply become an extension of the electrical loop forming the string or 
branch. No field J Boxes are thus required; all summing terminations are made 
in power central. The radial approach is especially attractive for the 
smaller stand alone systems. For example, a 2 PU system requires 40 ea 2 ft. 
x 4 ft. m<^dules symmetrically arranged in 10 panel (4 modulf s per panel) 
array. Using folded horizontal daisy chains, all branch circi its originate 
and terminate in the center of the field, between the 5th and 6th panels. A 
short run only is required, perhaps 6 ft. - 8 ft, to a power controller 
installed on a rear strut. 
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Figure 3.4-7 ARRAY FIELD WIRING: TAPERED AMPICITY BUS. 



3-23 


Fl?^re 3.4-8 LOOP POWER COLLECTION 




















3.4.4 Power Cabling Installation 


The panel and the array field wiring topologies were examined in light of the 
following alternative Inotallatlon methods: 

A. Combined "under-the-panel" and direct burial underground runs of RHW, 
or PT-N, PT-NN, THHN, THNN aerial/burial cable. 

B. "Under/behlnd-the-panel" runs only, i.e., no cable burial Involved. 

C. Group-to-group or row-to-row routing in surface or shallow subsurface 
duct or conduit. 


The following conclusions were drawn: 

o For systems to 4-6 PU , the center based horizontal daisy chain 
requires only "under/behind" the panel runs, 
o For 6 - 15 PU , or systems laid out in two rows, relatively short 

Interrow cabling is required. This is most economically done in 
direct burial cable. 

o Any specific cable types additionally designated "UF" and "USE" by 

Underwriter's Laboratory (UL Green Book — Electrical Construction 
Katerials Directory.) is acceptable for direct burial. This method, 
with approved transitions and Installations, is recommended, 
o Further protection of the conductors by encasement in underground 

conduit is not necessary. In rodent Infested areas, special 
precautions may be wise per U.S. electrical utility practices. 
Schedule BO PVC is the only nonmetallic type approved for combined 

overhead and underground use. Several conduit types are approved for 
underground use, ircluding fiber, asbestos cement, and high density 
polyethylene. Rigid metallic conduit and IMC are also approved for 
both uses. 

3.4.5 Summary Cost Data 

Naterials costs were estimated for the six panel wiring topologies using a 1 
kWp (1 PU) baseline system rating and projected yearly procurement levels of 1 
MUp. Three array field wiring topologies were previously discussed. In this 
cost study, both the loop feed and the tapered ampacity bus were not apprised 
because of considered unsuitability for small, stand-alone systems. 


The wire used was the equivalent of type PT-N or PT-NN, based upon a copper 
price of $0.90 per pound. In multiconductor cable, each wire had PVC 
Insulation with a nylon sheath. The Individual conductors were protected with 
an overall PVC sheath. The sheath was neoprene on the PT-NN cable. 


The cost of PT-N 

type 

wire is 

as follows: 

Wire Size 


Cost* 


14 

$ 

158/ 1 K 

ft. 

12 

$ 

206/ 1 K 

ft. 

10 

$ 

308/ 1 K 

ft. 


6 $1,056/ 1 K ft. 

*20,000 ft. procurement levels. 
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Where n single conductor wire wns rt(|iiired, type RRXLP, copper conductor coated with 
cross linked polyethylene Insulation, was specified. It is .ultable for aerial use 
and also resistent to moisture, oil, acid, alkali, and sunlight. Solarlok 
connectors were used to interconnect modules and panels. Table 3. 4. 5-1 suninarizes 
the comparative cost data. 

hxamlnation of the cost data fi'r tin six configurations Indicated "B", “t" and "I" 
produced the three lowest comparativt- costs, with "B" being the lowest and "E" only 
slightly higher. "B" did not apjiar to be a particularly attractive system from the 
maintenance viewpoint because tault isolation difficulty and the need for total 
systen sliutdown in the event oi nodule tailure. Differential vertical array shading 
was considered to be more serious in this option. Some form of horizontal daisy 
chain was clearly indicated as t lu priterred functional, as well as cost effective, 
choice . 


TABU. 3. 4. 5-1. SUiliAKY i.cST DATA FOB 6 PANEL WIRING TOPOLOGIES 


CONFIGURATION 

.SL^.^ 

ARY DESCRIPTION 

COST FOR 1 KWP 
INSTALLATION * 

"A" 

(Hg. 3.4-1) 

Scries coniu ( 1 1 u tii volts panels (8 ea. 1 ft. x 
4 ft. module.*- pi i p.mel) 

$347.45 

"B" 

(Hg. 3.4-2) 

horizontal i > 1 lu o 
1/2 panels 

daisy chain of 4 module/ 

$119.00 

"t" 

(Fig. 3.4-3) 

horizontal d.iis) < 
ot 1 f t . x 4 1 1 . i; 

liain of 2 folded, double rows 
oiiti les 

$337.90 

"0" 

(Hg. 3.4-4) 

Series connei lid t 

loi ks of 30 volt panels 

$224.20 

"L" 

(Fig. 3.4-5) 

horizontal d.iis) ib.iiii of 2 folded single rows 
ol 2 f t . X 4 1 i . n ulules 

$123.80 

II j." 

(Fig. 3.4-6) 

horizontal dai*\ c 
X 4 ft. moduli-s 

h.iin of 4 folded rows of 1 ft. 

$175.00 




* Including Solarlok connectors <inu based upon copper at $0. 90/lb x 20,000 ft. 
procurement . 
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3. 5 Power Conditioning and Concrol 

3.3.1 General 
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Tills essential function In stand-alone systems Is accomplished by a major BOS 
element, the Power C<^ntroller. This subsystem Includes: 

0 A battery charge regulator, 
o Protective circuits and switchgear, 
o Statue and abnormal events displays, 
o Load management functions, 
o Power controls. 

o '!aln DC bus and power interfaces. 

All of the above, in varying degrees, shapie the system longevity and 
operability. Alternative approaches, Including their estimated leverage on 
life-cycle costs, are summarized for each attribute in the following 
paragraphs. An optimum solution in this BOS area requires principally mature 
circuit design, proper consideration of battery vulnerability, and the 

judicious :^election and application of electrical power components. 

3.5.2 Battery Charge Control 

3. 5. 2.1 Requirements 

The photovoltaic array behaves as a constant current generator, and the 
battery behaves as a quasi-constant voltage load, with the desired voltage 
being temperature dependent. Excessive charging voltage shortens battery 
Hie, while lower voltage causes the stored energy reserve to be less than the 
batteries capability. In most well designed flat plate stand-alone systems, 
the batteries do not reach full charge during most of the year. During 
favorable periods in the annual and diurnal cycle, the batteries will reach 
full charge and should be maintained "on-float" after balancing the load 

demand. Acceptable charge regulation designs must therefore: 

o Sense and respond to battery terminal voltage, 
o Adjust float voltage for cell temperature. 

o Maximize array energy delivery during periods of battery depletion, 
o Ensure that battery is maintained at full-charge, consistent with 
assurance of m.aximum battery longevity. 

f.ajor variables shaping the selection of control approaches are: a) the 

quantity, type, operational ratings and cost of devices for control of 

charging current, and the b) therm.al apparatus (if any) required to absorb the 
resulting heat. Mnor variables include the signal conditioners, sensors, 
ancillary protective circuits and the central wiring. 

3 . 5 . 2 . 2 Regulator Design Alternatives 

A P'' battery charge regulator is characterized bv specific combinations of: 

0 The method of feedback control. 

0 The power cwitching/metering elemient. 
o The means of surplus power rejection. 
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Soire of the alternatives include solid state versus electromechanical 
switchers, linear or OFF-ON, and various schemes of partitioning the array 
power elements. Out of necessity, a large number of combinations and 
potential alternatives were first reduced to eight realistic candidate 
circuits. The block diagrams of these eight configurations are given in 
Figures 3.5-1 through 3.5-8 following. Each particular approach is briefly 
analyzed in the paragraphs following. 

3.5.3 The Linear Series Regulator 

The series control is porUayed in simplified form in Figure 3.5-1. Both 
temperature, T, and voltage, V, of the battery are sensed and used to control 
a power transistor, Qj, which is in series between the array and the battery. 

The saturation voltage drop in the transistor, V , is: 

cesat 

V 

cesat ■ 1 volt 
Thus, power loss is: 

■ V X I ■ 1 watt per ampere of collector current (Ic). 

D cesat c r r 

Ihe array must be sized to accomodate this steady state loss. 

When the battery voltage aiiu temperature Indicate that no further charging is 
required, the control Increases the voltage drop across the transistor, , 
until the array current equals the load current: 


ce array float 


''float j ^c 

The difference between V and can be appreciable, up to 25 percent 

of the normiaily open arf^Jy^^^’ol tage; °^ie current to maintain a typical float 
voltage in a lead-acid battery can typically be as much as 20 percent of the 
available array curren Under these conditions, the power, Pj^, dissipated in 
the pass elem.ent would be 5 percent of the array power. 

Tills was a major cost element of the series control. The cost of the 
transistor and the necessary heat sink were significant. For the NASA LeRC 
designs, this amounted to about 6A watts per P.U. (1 P.U. ■ 1.28 KW). 

Despite these drawbacks, the series control possesses two significant advantages 

o Heating of the battery electrolyte was kept to the minimum possible 
for a given load cycle. This favorably affects battery life. 

o The stored energy wos maximized because when battery discharge resumes 
(with decreasing Insolation), the battery starts from a fully charged 
state. Because there is no hysteresis in the control, discharge 
always begins frooi the optimum. 
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FIGURE 3.5-1 SERIES LINEAR BJT CONTROL 
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FIGURE 3.5-6 TRI-STATE CONTROL 
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FIGURE 3.5-7 PULSE WIDTH MODULATOR SERIES CONTROL 



LOAD 


3.5-8 BATTERY CHARGER REGULATOR MULTI-LEVEL SERIES 
(OFF-ON) 
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A final factor tends to be self-de eating. The absence of mechanical 
components such as contactors may Improve reliability; however, the high power 
dissipation required either very skilled technicians to replace a transistor 
or throw-away spares In which heat sink *.nd transistor are replaced as a unit. 

3. 5. A Shunt Regulator (Oh-OFF Type) 

The on-off shunt regulator Is depicted In Figures 3.5-2 and 3.5-3, using 
either a contactor or a solid state ssitch as the switching element. When the 
batteries reach float voltage, the contactor/or static switch closes, shorting 
out the array. The blocking diode CRl prevents battery discharge; load 
current Is drawn exclusively from the battery. When the battery voltage has 
declined sufficiently below float voltage, the control opens the contactor/ 
static switch, allowing the array to charge the battery. Because the array 
current is normally several times lar^ ;r than the load current, float voltage 
would again be reached and the process repeated. Hysteresis Is implicit In 
any on-off control. The ON-OFF cycJlng proceeds until declining insolation 
causes the array current to fall belo • load current. 

There are evident advantages to the rhant system; 

o Simplicity In operation and maintenance, 
o Minimal losses during 'harglng. 

A variant of the "OFF-ON she : ^JT regulator is given in Figure 3,5-A. It is 
the tapped version wherin only a fraction of the array Is shorted out by the 
regulating shunt switch. Switching stress on the array as well as on the 
switching elements Is reduced. 

Ail versions of the OFF-ON shunt regulators have the disadvantage that the 
battery may often begin its diurnal discharge from a less-than-fully-charged 
state. However, when sufficient insolation Is available. It Is not cumulative 
from day-to-day. The battery is also cycled during the float period, 
increasing electrolyte heating and dlsassoclatlon. Float cycling does serve 
as a topping charge, forcing the battery towards 100 percent charge 
replenishment. The solid state versions have no Inherent sense-input-to- 
control output isolation, thus increasing possible transient susceptibility. 
Rapid cycling may shorten the operating life ''f the contactors in that 
version. Hermatically sealed contactors with exc ptlonally high MCBFs (mean- 
cycles-to-failure) are available; for example a mercury displacement device 
has a MCBF In excess of four million cycles. Using suitable snubbers 
additionally increases the power Interruption survivability to that of the 
mechanical cycle life. 

3.5.5 PWM (Pulse-Width Modulated) Shunt Regulator 

The PWM shunt regulator is a true duty cycle modulated proportional 
controller. Its simplified schematic Is that of Figure 3.5-7, with the 
control element being a voltage controlled pulse width modulator instead of 
the comparator shown on the schematic. 

The PW^. shunt control appeared to have only one advantage: the battery begins 
its diurnal discharge cycle from a near-fully charged state. However, this 
advantage may not be as great as first appears. It was noted for the shunt 
control that this shortfall was not cumulative. During the float season, a 
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shortfall one day would simply mean the battery reached float a little later 
the following day, thus canceling the cumulative effect. Only that shortfall 
of the final day of the float season subtracts from the year's cumulative 
energy. This is a small effect. 

The PWhi control has several disadvantages: 

o It produces more heating of the battery electrolyte than any other 
system. 

o The pulse width modulator control of a large array might radiate 
significant E>ll. 

On balance, the PWl; method is felt to be a weak competitor. 

3.5.6 OFF-ON Series, Regulator (Electromechanical) 

The OFF-ON series El; regulator is depicted in Figure 3.5-5. A DC contactor 
(protected by a snubber) is used as the switching element. When the batteries 
reach float voltage, the contactor opens, disconnecting the array. As in the 
other configurations, the blocking diode CRl prevents battery discharge back 
into the array. When the contactor is "open," the load is drawn exclusively 
from the battery. When the battery voltage has declined below float voltage, 
to a reset point determined by the hysteresis, the control closes the 
contactor, allowing the array to charge the battery. Because the array 
current might normally be several times the load current, float voltage would 
again be reached and the process repeated. Hysteresis prevents unnecessarily 
rapid cycling of the feedback loop and allows any switching transients to 
subside safely after a state change. OFF-ON cycling continues until declining 
isolation causes the array current to fall below load current. With a 
representative hysteresis setting, a 1.5 kW peak array float charging a 640 AH 
battery string typically cycles at rates of 1 cycle per 5 minutes when 
batteries are near full charge, and the load demand is about 20 percent of 
equivalent array current. With increasing loads, discharged batteries, and 
decreasing isolation, the array "ON" period Increases proportionally, at times 
approaching 100 percent. 

The series contactor OFF-ON system had several advantages. 

0 Heat ejection requirements are virtually non-existant . 

0 Using relay drivers, heat sinks are not required, 
o Isolation of the control loop from the power bus is complete, 
o The snubbers permit the reliable use of industrial relays and low 
voltage AC distribution switchgear. 

o Series insertion losses due to contact resistance are minimal (0.01 
percent); is far superior to the solid state switches (5 percent) 
o Maintainability (minimum down time) appeared to be excellent, 
o The contactor can also serve as an automatic over-voltage safety 
disconnect; also it can be opened by a manual override, 
o Hermatically sealed mercury^displacement contactors (of suitable 
rating) with MCLF of 4 x 10 cycles are readily available. 
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There are several disadvantages common to all OFF -ON controls: 

o The battery is cycled during the float period, Increasing electrolyte 
heating over that present In proportional control; battery 
manufacturers have, Indicated, however this float cycling may assist 
In 100 percent charge replenishment, 
o The battery could often begin Its discharge from a less-than-fully- 
charged state. This Is not, however, be cumulative from day-to-day. 
o The optimal hysteresis setting may turn out to be a compromise between 
transient Ismunlty and delayed tet>ponse, with the latter leading to a 
minor energy lose. 

3.5.7 Trl-State Control 


Figure 3.5-6 depicts the trl-state control, which has the advantages of both 
the shunt and series control, without some of the attendant disadvantages of 
either. In trlstate control the series array branches are partitioned Into 
two groups as depicted In the block diagram. Two control algorithms, 
separately mechanized, are used. The higher output "n" group Is controlled by 
a tapped shunt regulator; the smaller "p" group Is a proportional control that 
operates only when the "m" group was disconnected. This latter "vernier" 
control mechanizes the actual algorithm. This combination of three 

charging states flexibily accomodates various load demands, varying array 
outputs and battery charge states over the annual operating profile. 

The multistate configuration has certain advantages over single state 
regulators : 

o Battery current Is reduced to the minimum level consistent with load. 
Battery heating is reduced, and battery life Is extended both from 
thermal and cyclic considerations. 

o The costs of the regulating element In the proportional control and 
its heat sink are substantially reduced. 

o Losses in the proportional control unit during connected operation are 
reduced to the degree that a power transistor becomes feasible for 
this element. 

The disadvantages of the tri-state control are: 

o Multiple bipolar transistors In heat sinks Increase circuit complexity 
as compared with single, higher current electromechanical devices. 

o While the controls may not be unreasonably complex, mechanization of 
even the lowest modular power level required a number of independent 
functions . 

o Safety Isolation is not optimal; additional protective devices could 
be required. 

3.5.8 Series PWM Switching Regulator 

Two problems are involved with the switching regulator between a photovoltaic 
array and a battery as shown in Figure 3.5-7. A typical squarewave switching 
or chopper frequency of 10 kHz was assumed. 

1) Proper operation of the switcher requires that while the pass 
transistor is on, operation has to be to the right of the knee of the 

I-vs-V curve of the array: 
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o to maintain duty cycle well removed from 100 percent, and 
o to avoid the constant currents area which are not in the 
switcher's control algorithm. 

2) The battery Is a larger capacitor (effectively) than any capacitor 
that could be placed In the circuit. Thus, almost all of the ripple 
current passes through the battery, heating the electrolyte. To 
prolong battery life. It would be necessary to disconnect the battery 
during float operation or possibly Isolate it with a large Inductor. 

The Inherent weakness of the series PWM switching regulator to removes this 
concept from further consideration. 

3.5.9 Multilevel Series Control (OFF-OK Description 

This control scheme, a variation of the series OFF/ON regulator, and the 
Tri-State control are is depicted in Figure 3.5-8. Tri-state control features 
leading to improved battery life are retained without the attendant complexity 
of two different control modes. 

The performance of each channel is identical to that of the single channel 
series contactor system except that the trip float voltage limits are set at 
slightly different values for each of the two channels. 

The 2.A5 VPC maximum (volte per cell) at 25°C is typically recommended by the 
manufacturer as a float voltage for the 1300 specific gravity lead calcium 
cells. Channel (1) typically controlling 50 percent of the array power is set 
to trip at, 2.'' VPC. Channel (2) is set to trip at a slightly lower value, 
about 2.45 VPC. At some point in the recharge cycle, the 2.45 VPC Channel 2 
limit would be reached. For a 150 volts, 1 power unit system nominal charging 
current would be about nine amperes. An OFF -TRIP of Channel 2 would therefore 
result in a 50 percent charge current reduction. The final charge regime on 
the battery has now been taper^ to about 4.5 amperes. When the cell 
potential reaches 2.50 VPC ^ 25 C, the Channel 1 regulator OFF-TRIPS, 
temiinating charging current completely. 

As the battery discharges, the first trip point reached would be 2.45 VPC. 
Charging resumes; the battery potential would continue to decline if a net 
negative energy balance (Power out > Power in) existed. When the 2.35 VPC 
level is reached, the other contributing subarray would be connected. 
Thereinafter, the cycle is repeated. 

The advantages of multilevel OFF-ON series control are: 

(a) As in the case of the Hughes tri-state design, the charging current 
is reduced to a minimum rate consistent with load and PV power 
input. Battery heating is reduced, and battery life should be 
extended from both cyclic and thermal considerations. 

(b) Only a small heat sink is required for the string blocking diodes 

( BOCrtnW/ amp ) ; no cabinet ventilation is required. , 

(c) Multilevel regulation requires only replication of the standard EMi 
(electromechanical) OFF-ON control and partitioning of parallel 
array elements. 
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(d) Qua si- proportional control la approached if the number of array 
power Increments and steps are Increased, and additional control 
channels are employed. 

(e) This method is also compatible with summing and regulating the 
outputs of hybrid Renewable Energy System sources on a battery bus. 
This cannot be done with shunt regulation. 

(f) Overvoltage protection, manual override and shutdown can be done 
with the same multilevel control contactors. 


3.5.10 On-Golng Task I (Subtask B) Analysis 

At the conclusion of Task I, Subtask B, six candidate configurations were 
still being actively considered: 

CONTROL METHOD 



Control Type 

ON-OFF 

Proportional 

1. 

Shunt Contactor 

X 


2. 

Shunt Transistor 

X 


3. 

Shunt Transistor 

X 



(tapped array) 



A. 

Trl-State Control 


X 

5. 

Series Contactor (EM) 

X 


6. 

Multilevel Series EM Control 


X 


The series proportional Bipolar Junction Transistor (BJT) method was no longer 
considered to be a viable candidate because of excessive heat rejection 
requirements. The same comnent applies to a linear shunt BJT configuration. 
Voltage controlled pulse width modulators were rejected for reasons of 
complexity, battery stress and potential EMI Interference. None of the 
surviving methods Impacted unfavorably upon the other BOS systems, and all 
candidates could be modularly expanded with ease. 

Accordingly, the work In Task IB was concentrated upon the areas where 
differences did appear: 

o Battery charging stress 
o Direct capital cost 
o Maintenance requirements 
0 Anticipated environmental performance 
o World-Wide adaptability 
o Lifetime cost effectiveness 

The control schemes divide Into two classes on the matter of battery charging 
stress. The proportional controls provide the minimum possible stress, while 
the ON-OFF controls result in more stress. To be acceptable, any regulator 
must embody temperature compensation In Its control algorithm. This Is a 
major factor In a) avoiding battery overcharging and probable destruction and 
b) ensuring cost effective battery selection and utilization by ensuring 
complete recharging over the temperature range. 
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3.5.11 Ranking for Use In Conceptual Designs 


Recommendations and ranking of the most promising charging circuits for 
formation of the conceptual designs are given In terms of comparison of 
candidate configurations for a selected performance parameter of interest. 
These parameters are: 

o Modular and Incremental levels, 
o Module heat ejection requirements, 
o Environmental stress factors, 
o Rellablillty and maintainability factors, 
o Adaptability to world-wide Installations, 
o Initial cost estimates. 

3.5.11.1 Modular Power Levels 

The modular power levels for the candidate controls were dictated by 
manufacturer's prices for the current controlling elements. Models of BJTs 
(Bipolar Junction Transistors), DTs (Darlington Transistors) revealed a 
pronounced minimum in $/ampere in the voltage range of 1(X) - 200 volts. For 
example, an 8 ampere transistor (mounting hardware included) was cheaper than 
two 3 ampere transistors; and three 8 ampere transistors were about 1/2 the 
cost of one 20 ampere transistor. Perhaps more significant was the broad 
range of voltage ratings available from DTs, from 100 to over 500 volts at a 
nearly constant price: 

$1.50 per short-circuit kW 

The short-circuit kW was defined as open-circuit voltage times short-circuit 
current. Thus, a basic increment, from a cost standpoint, was: 

16 volts X 8 amp = 1.44 kW (Short-Circuit) 

Considering 1 kW power for those schemes controlling the entire array voltage, 
the following was shown for the solid state devices installed in a heat sink: 

Basic Increment Cost in $/Short-Circuit kW 

Series Transistor 1 kW pk $11.00 

Shunt Transistor 1 kW pk $11.00 

The modular power for the remaining configurations depended upon the price of 
DC contactors suitable for repetitively interrupting 10-30 ADC (S 160 VDC over 
tlie lifetime of the stand-alone system. Several candidate devices were 
evaluated. With appropriate external snubbers, all of the hermetically sealed 
devices would be acceptable in their standard configuration; the PRD $/SCkW 
are estimated with the assumption that they would be installed in a sealed 
case. Table 3.5.11-1 summarizes our findings on hermetic relays. 

The preceding table applies to both the shunt and series contactor 
configurations, as well as to individual channels of the multilevel EH 
Regulator. It is apparent that the cost of a suitable hermetically sealed 
contactor is comparable to that of the BJT or DT switches when the costs of 
heat sinks for the latter are included. 
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3.5.11.2 Module Heat Ejection Requirements 


The heat ejection requirements for the candidate schemes were analyzed in Task 
1, subtask B. A wide variation among the candidate controls was envidenced. 
To establish a basis for comparison, dissipation was stated in "watts/peak 
kW." This was a convenient unit in view of the 1 kW Increments. 



Basic 

Increment 

Thermal 

Watts/ 

Control Type 

Module kW 

kW 

Peak 

kW 

Shunt Contactor 

2 

2 


1 

Shunt Transistor 

1 

1 


10 

Shunt Transistor (tap) 

1 

1 


10 

Series Contactor 

1 

I 


1 

Tri-State Control 

4 

1 


14 

Multilevel EM 

2 

1 


1 

Contactor schemes resulted 

in almost an 

order of magnitude of 

less heat 

rejection than the three 

solid state 

configurations. 

As a 

1 point of 


comparison, the series linear BJT regulator previously rejected had an 
inherent heat rejection problem almost two orders of magnitude worse than the 
electromechanical devices. 

3.5.11.3 Environmental Stress Factors 

The intent to deploy the proposed system on a near-world-wide basis extended 
the range and type of environmental stress factors that had to be considered. 
Major items included: 

o Maximum operating ambient temperature, 
o Minimum operating ambient temperature, 
o Wind-driven dust and sand, 
o Wind-driven rain, 
o Corrosive precipitation products. 

o Snow burial, ice encapsulation (limited future concern), 
o Salt spray and salt fog. 
o Rodent penetration. 

Candidate control types were examined against these environmental factors with 
the following assumptions: 

o All power contactors and pilot relays are hermetically sealed and of 
equivalent Mil-spec quality. 

o The power controller cabinet is NEHA-4 or an equivalent sealed 
enclosure . 

o Printed circuit boards are conformally coated. 

On all factors but high temperature, no significant difference was noted 
between the candidates. The BJT configurations definitely were more 
vulnerable to sustained high temperature environments than the systems using 
electromechanical devices. 
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3.5.11.3 Maintenance Requlreaents 
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Several factors cf maintenance were Identified; 

o Need and extent of preventive maintenance, 
o Skills and tools required for unscheduled maintenance, 
o Time (simplicity) to repair/ replace . 
o Frequency of repair/replacement. 


Fortunately, the remaining candloate schemes required only simple tools and 
skills • onslstent with a low voltage electrician's ability. This simplicity 
stemmed from the assumption the repair would not be done on site: 
henrr , replacement would be the mode of site maintenance. This assumption was 
supportea by the relatively low cost of the replaceable elements. As an 

example : 

Primary 

Control 

Replaceable 

Units 

Unit 

Cost 

MTTR 

(Mean lime to 
Replace) 

Shunt Contactor 

Contactor 

$25 

15 min. 

Shunt BJT 

BJT & Heat Sink 

$10 

15 min. 

Shunt BJT (tap) 

BJT 6 Heat Sink 

$10 

15 min. 

Series Contactor 

Contactor 

$25 

15 min. 

Trl-State Control 

BJT 6 Heat Sink 
DT & Heat Sink 

$10 

$10 

25 min. 
25 min. 

Multilevel EJl 
Control 

Contactor 

$25 

15 min. 


The key to attaining any of the projected MTlR's would of course be the 
incorporation of a well-planned sectionallzing strategy and design for ready 
fault isolation and corrective action. 

3.5. 11. A Life Cycle Cost Effectiveness 

lable 3.5.11-2 summarizes the comparative ratings of the six candidates for 
the battery charger/regulator. Both the tapped and untapped BJTs scored well 
in most categories. Their reliability in sustained high temperature 
environments is less than optimal; however, a mature design can overcome these 
shortfalls. For higher rating systems, heat sink complexity becomes an Issue. 
Prospects for down-stream cost reduction appear excellent, and on balance this 
option offers a good solution. The shunt contactor provides an acceptable low 
cost solution. The prospects for down-stream cost reduction are not good, and 
the method results In less than minimal battery stress. Shunt configurations. 
Including both the electromechanical and the solid-state versions, are 
Inherently compatible with constant current sources. 
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The OFF-ON series contactor Is characterized by low initial cost; future cost 
savings for the power control devices themnelves do not appear too promising, 
but the control and drive electronics do appear to be excellent candidates for 
cost reduction. Excellent reliability will result if hermetic contactors, 
especially those of the mercury displacement type, are used. Common to other 
float cycling methods, both series and shunt, battery stress is not minimal. 

The tri-state control ranked high in potential down-stream cost reduction, 
battery stress reduction is excellent, common to all quasi-proportional 
methods. The trlstate control is an Improvement over the other solid state 
methods in regard to heat rejection; but considering relative complexity, it 
does not compare well with the contactor based designs. This disadvantage 
results from using two different central modes, each with different 
mechanization . 

The multi-level series E >1 control rated high in all categories. Its heat 
rejection is excellent, as is its capability for reducing battery charging 
stress. A twenty year service life goal appears quite achievable by using 
hermetic mercury displacement contactors with snubbers. Incremental or quasi- 
proportional charging is attainable without modifying the basic scries Eli OFF- 
ON design. 

Table 3.5.11-2. Comparative Ratings of Battery Charge Control Candidates 


Control 

Initial 

Cost 

Battery 

Stress 

Environment 

Maintenance 

Module 

Size 

at 

't 1 

Shunt Contactor* 

Excl . 

Good 

Good 

Excl . 

2 kW 

nil 

Shunt BJT 

Good 

Good 

Poor 

Good 

1 kW 

10 W/kW 

Shunt BJl (tap) 

Excl . 

Good 

Poor 

Excl. 

I kW 

10 W/kW 

Series Contactor* 

Excl . 

Good 

Excl . 

Excl . 

2 kW 

nil 

Irl-State Control 

Good 

Excl. 

Poor 

Excl . 

1 kW 

14 W/kW 

Kultlievel Control 

Excl . 

Excl . 

Good 

Excl. 

2 kW 

nil 


3.5.12 Summary and Initial Recommendation 

It was concluded that conceptual designs proceed on two of the candidate control 
schemes : 

1) The tapped shunt BJT control, and 

2) The multilevel series EM control 

3 . 6 Energy Storage 
3.6.1 Initial Considerations 

li quickly became apparent *.nat the "short-term" solution to stand-alone PV 
system storage was in using state-of-the-art storage batteries. Several other 
storage options that appeared potentially compatible with photovoltaic arrays 
were examined briefly. 
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Two forms of mechanical energy storage (flywheels and pumped hydrostorage) 
wete evaluated. Both require Immediate electrlcal-to-mcchu^tnlcal conveiMlon to 
store energy and to subsequently retrieve It for useful work. Hydrostorsge 
requires a reversible DC motor generator to power the pump on the lift cycle, 
and then generate electrical power on the carry-over cycle, when the potential 
energy of the water head Is reconverted In a hydro-turbine. T^e energy 
density of hydrostroage la very low, typically about 14 BTD/ft for a 100 foot 
head, or 0.2 percent of that of a typical battery. Except for large systems, 
In high rainfall environments with high yearly water flow, run-off or natural 
reservoirs pumped water did not appear compatible with stand-alone system 
needs. Hydrostorage can be con ..Idered as a product resource in stand-alone 
usage, to be beneficially pumped and stored during periods when power from 
solar insolation might otherwise be wasted. 

Conventional as well as advanced flywheel designs were likewise reviewed. 
Coventlonal flywheels were found to have about the same energy density as a 
lead acid battery but at greatly Increased specific energy storage costs 
(kilojoules/ dollar). Advanced flywheels appeared to have future promise, but 
no real short-term prospects. The status of advanced flywheels was 
periodically reassessed during the early program phases without noting any 
startling improvement. 

Hydride storage was not considered practical because of design complexity and 
the total lack of technological maturity. Both hydrostorage and flywheels 
might impose startup problems on photovcltalcs due to Inrush current demands. 

3.6.2 Classification of Electrochemical Cells 


The search for optimally cost effective energy storage BOS options was 
therefore limited to reversible electrochemical systems or secondary storage 
batteries. Options were classified as given below. Ultimately, only devices 
in Croup I were considered In on-going analysis and design. 

Group 1: "Off-the-shelf": 

These batteries were presently available in production quantities In the 
marketplace; they could be purchased by model or type number. Substantive 
field performance data were available and requisite to further consideration. 
Operational histories covering a span of five to twenty years or greater 
obtainable from the manufacturer was also required. 

Group 11: Near-term solutions: 

These were Improved batteries or electrochemical devices not yet released for 
large scale production. Their design and performance had to be well proven, 
by pilot or limited production. Deferred availability, typically two years to 
production status also merited the "near-term" classification. Exlde (ESB 
Corp) had a battery in this class, a refined version of the older Pb-Ca/Pb-Sb 
hybrid; It did not become available until late In the program and therefore 
was not considered a viable option. 
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Group 111: Advanced batteries 


These were devices (or methods) proven-ln-prlnciple In varying degrees, but 
still in the research and development phase. Ultimate large scale 
producibillty and cost effectiveness also had not yet been proven. Commercial 
availability of such advanced devices could be five to ten years in the 
future. The NASA LeRC REDOX cell and the DOE-EXXON ZINC BR(»iINE system were 
considered to be in this category. 

3.6.2A Operational Criteria 

BOS storage elements that could exert beneficial leverage on levelized energy 
costs (LEC) were identified. An ideal photovoltaic system battery shotild 
possess the following characteristics: 

a) Require a minimum capital Investment. 

b) Survive a twenty year operational mission without replacement. 

c) Be acceptably insensitive to environmental stress, particularly 
temperature extreme. 

d) Require minimum or no maintenance. 

e) Have cycle life acceptability Independent of depth of discharge. 

f) Have a high turn-around charging efficiency from the viewpoint of 
energy, rather than coulomblc conversion. 

Other factors, such as energy density and simplicity of charging method, 
became important only if such parameters unfavorably impacted on Levelized 
Energy Costs (LEC). A number of cell types in the several categories were 
thoroughly investigated. Technical, cost, and O&M parameters were compiled 
for entry into the FLEX computer program data file for subsequent comparative 
LF;C analysis. Devices survivi^’g to this point evolved from either: 

a) Evaluation as a particularly promising alternative, or 

b) Insufficient adverse data to permit the device to be summarily rejected. 
Cause for rejection included: 

a) Unfavorable cost effectiveness (all causes). 

b) Lack of design and production maturity. 

c) Insufficient field performance history. 

d) Incompatibility with stand-alone PV applications. 

3.6.3 The Lead-Acid Battery 

The lead-acid battery has evolved over about a 120 year period. By a wide 
margin, it is the lowest cost means of electrochemical energy storage. The 
lead-acid battery should not be regarded as a completely documented phenomena, 
though it is better understood and engineered than it was twenty years ago. 

At a typical cost of $150/kWH (in 1981 dollars), lead-acid batteries are 
virtually the only viable contender for electrical energy storage means in 
photovoltaic systems. Several specific types initially appeared to be 
strongly competitive and were recommended for further analysis. Nickel- 
cadmium batteries have been used in a very few PV systems where high discharge 
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rate and cold-weather behavior made them more attractive on a comparative cost 
and performance basis. Consideration of the Jungner (NlCd) Battery did not 
extend beyond completion of Task 1, "Analysis & Evaluation of BOS elements" 
because of very poor cost effectiveness. 

3. 6. A Types of Lead-Acid Batteries 

Many types of lead-acid batteries have been developed and are available In the 
market place. A number of types are acceptable for remote stand-alone 
service; many more types are totally unacceptable and would have a very low 
survival probability. 

3. 6. A Review of Initial Battery Selection Process 

The below listed lead-acid battery types were Initially considered as 
candidates : 

a. C&D Shallow Discharge Batteries DCP, KCP, LCP series for PV 
applications. 

b. Willard j Wlsco Charge Retaining (Pure Lead) Batteries. 

c. Delco Freedom Lead-Calcium Series 2000. 

d. C&D Deep Daily Cycling Pb-Ca Batteries, QP Series for PV 
applications. 

e. Lead Antimony or Lead Calcium Electromotive Batteries (Fork Lift, 

Electric Vehicle, with fiultlcell Packaging and Factory 
Interconnection); Trojan, C&D, and ESB Typical Suppliers. 

The manufacturers of these batteries were asked particularly to quantify the 
MCBF (mean-charge/dlscharge-cycles-before failure) of candidate batteries with 
regard to: 

a. Electrolyte temperature (sustained or average). 

b. Estimated MCBF at various repetitive depths-of-discharge . 

c. Quantitative data on cell's ability to servlve to a distribution of 
deep and shallow dischargee over operating lifetime. 

d. Effect of undercharging and overcharging. 

e. Estimated MCBF and/or service life in specific stand-alone PV applications. 

The above was In addition to the more standard performance data, such as 
coulombic efficiency, recommend change profile, discharge characteristics and 
the like. 

As an example, the expected life of the DELCO 2000 as a function of operating 
cycles (as provided by the manufacturer) is given In Figure 3.6.A-1. 
Equivalent Information on both shallow and deep discharge C&D battery types 
are given In Figure 3.6.A-2. Data such as these provided essential Inputs 
Into the lifecycle estimation process for various competitive configurations. 
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Table 3, 6. 4-1. Types of Lead-Acid Batteries 


Battery Type 

SLl (starting, 
lighting, ignition) 


Electromotive (forklift, 
traction, golf cart) 

Stationary 

- pure lead 

- lead-calcium 

- low (1 percent PbSb) 

- Shallow Discharge Pb-Ca 

- Deep Discharge Pb-Ca 

- Pb-Sb/Pb-Ca Hybrid 


Comment on PV Service 


Not recommended - typically thin plates 
with high self discharge and large changes in 
terminal potential at end of charge. Chiefly 
developed for automotive use. Thick plate 
automotive type batteries for RV and trolling 
service generally fall out of the SLI category. 

Not recommended - rugged, designed for frequent deep 
discharge with often high self-discharge. May be 
either Pb-Ca, Pb-Sn, or Hybrid. 

Major offerings are in connection with 
conventional UPS, stand-by, emergency power and 
related industrial applications. Manufacturers 
offer special lines of shallow and deep 
discharge lead calcium and lead antimony batteries 
specifically for photovoltaic applications. 

Pure lead batteries are excellent for stand 
alone service but their high internal impedance 
prohibits their use when discharge rates are 
typically greater than C/50 hours. Pb-Sb/Pb-Ca 
hybrids also will shortly become available. 
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ESTIMATED CYCLE LIFE OF DELCO 2000 BATTERY AS A FUNCTION OF DEPTH-OF -DISCHARGE 

FIGURE 3. 6. 4-1 
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ESTIMATED CYCLE LIFE OF THE C4D K4L SERIES BATTERIES AS A 
FUNCTION OF DEPTH -OF -DISCHARGE 
FIGURE 3, 6. 4-2 
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3.6.5 Battery Modularity Options 


A number of sub-options involving modular expandability were evaluated. The 
alternatives address the required modular change in battery energy storage 
capacity introduced by system power rating, designated load loss risk, and 
site specific variations in annual Insolation level. General ground rules 
were generated, principally in recognition of several of the unique problems 
of isolated stand alone installations. The first was to limit the weight of 
the individual cell or package to a maximum of 175 pounds — a weight 
managable by several indigenous workmen. 

The desirability of adopting a monopolar 120 VDC nominal bus was also 
acknowledged, even though the array currents for fractional kWp systems were 
low — in the 2-5 ADC range. 

3. 6. 5.1 Multicell Packages with a Single AH Capacity 

Installation and maintenance labor content are reduced when multi-cell factory 
packages are used. For a 60 cell (120 volt nominal) battery, six cell (12 
volt), or twelve cell (2A volt) increments are comparatively more cost 
effective than a string of single cells. The ampere hour capacity of a twelve 
cell module must be less than 250 AH to stay within the 175 pound limit. 
Series modules of six cells each would be required for the 1 PO ( 1 kWp nominal 
basic rating). The basic block is replicated for the higher power autonomous 
systems or in specific sites with high storage factors. 

3. 6. 5. 2 Single Nodule Multicell Factory Packages 

One alternative would be to factory install the basic battery Increment in one 
or several packages. Lift truck and other electromotive packages use a large 
number of multiple cells, typically 24, 30, and 48. Even for low AH 
capacities the weight of a 48 or 60 cell unitized package becomes formidable; 
for example, a 60 cell, 200 AH module would weigh in excess of 1000 pounds. 
While attractive from the reduced installation hook-up requirements, this 
weight would be prohibitive from the field handling viewpoint. Interior cells 
in a multicell package may encounter higher temperatures due to poorer heat 
removal as compared to the peripheral cells. One cell failure in a series 
string constitutes a battery failure; this failure mode could have a serious 
impact . 

3. 6. 5. 3 60 Cell Strings of Ascending AH Capacity 

In this option, a maximum cell complement of 60 series cells was assumed, 
irrespective of the storage factor and the system rating. 

Most industrial batteries, including photovoltaic, are sized by discharge 
amperes and ampere-hours per positive plate. A range of capacity of about six 
times would be obtained by change in plate count alone. Considering the 
standard variations in plate area for different cell types, a total amperehour 
capacity selection range from about 31 AH to 2520 AH is typically available in 
several industrial off-the-shelf product offerings. This approach, while 
Increasing procurement complexity, had some advantages over expansion by 
replicating a large number of multiple strings. This option cannot, however, 
meet the 175 pound weight criteria. 
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3.6.6 battery Costing 


The following cost analysis was based on a peak 1 MW requirement per year. 

Based on 125,000 watts continuous load and a 300 hours energy storage 
requirement, It Is shown: 125,000 x 300 ■ 37,500 KWH storage for 1 mw storage 

per year — 312,500 AH of batteries would be required for 120 VDC system. 
Using a typical PV cell rated 900 AH, at the 8 hr rate of batteries (each 
string capable of supplying the approximate 900 AH required at 120 VDC), 
20,880 cells would be procurred. Based on the highest discount available and 
GSA pricing, the cost came to $5,548,234 for 1 MW/year of energy storage. 

3. 7 Load Management Strategies 

3.7.1 General 


The concept of load management Implies a priority structure for loads. Such a 
structure can be constructed, beginning with the character of the load. It 
can be displayed as a two-by-two matrix In which loads are classified on one 
axis as essential or desirable and on the second axis as Immediate or 
deferrable. Figure 3.7-1 depicts such a load classification In which: 

Class 1 - Essential and Immediate 

Class II - Essential and deferrable 

Class III - Desirable ai.d Inmedlate 

Class IV - Desirable and deferrable 

One may argue the assignment of a given load to a specific class, but the 
classification itself is a sound structure on which to examine load management 
strategy. 

It is clear that not all applications will embody all classes. In fact, an 
unattended comnunication relay will likely have one class I load. A farm or 
small village (any place people live continuously) may have all four classes 
of load. 

The distinction between immediate and deferrable Is whether the end function 
has storage. Television is a good Illustration. If one wished to see the 11 
o'clock news, energy is going to be consumed at 11 o'clock, not midnight or 1 
o'clock the next day. The video recorder is a form of storage, but does not 
defer energy consumption; quite the reverse, it defers only the need for one's 
presence. Water pumping, on the other hand, can have true functional storage, 
since the specific time that the water was stored and the time It was used are 
not functionally related. 

The key point here is that water In the elevated tank is stored energy just 
like that in the battery. In PV systems, there are Inevitably periods of 
surplus array output when the battery is fully charged. This surplus is free 
energy, and if secondary storage, such as a water tank. Is cheaper than a 
battery (on a kJ-vs-kJ basis), then It makes sense to pump and store water 
during surplus periods. This can reduce the size of the battery as It does 
not have to furnish energy for water pumping during periods of autonomy when 
solar insolation Is low or nonexistent. 
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CLASSES OF LOAD 


ESSENTIAL 


IMMEDIATE 


DEFERRABLE 


o Communication (P.S.) 
o System Control 
o Primary Function 


o Water Pumping 
o Refrigeration 
o Light Manuf . 


DESIRABLE 


IMMEDIATE DEFERRABLE 

o Existing 50/60 Motors o Air Conditioning 

o Hand Tools and Appliances 


FIGURE 3.7-1. LOADS CLASSIFIED IN A PRIORITY STRUCTURE 
OF ESSENTIAL/DESIRABLE -VS- IMMEDIATE/DEFERRABLE 
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Refrigeration and air conditioning can be In the same class as water pumping 
if a high thermal inertia is given to the cold side of the system. This might 
be accomplished by freezing and thawing a containerized fluid whose melting 
point is slightly above the average desired temperature. 

It is also conceivable that some light manufacturing operations might store 
inertial energy in a rotating flywheel. The motor that transferred surplus 
electrical energy to the wheel could be the generator that extracts it for 
intermittent manufacturing use. A variable-frequency, 3-phase motor would be 
well suited to this task. 

The development of alternative energy conservation strategies and the detailed 
mechanization of stand-alone hleiarchlcal power distribution systems are well 
beyond the scope of this effort. It becomes necessary, however, to include 
some rudimentary level of load prioritization in these stand alone designs. 

The technical activity within the load management area has been specifically 
directed as follows: 

a. Load management functions will be mechanized by fixed assignment of 
relative priorities of up to four distribution feeders or buses. The 
user will have the option of assigning loads In accordance with these 
priorities, consistent with maximum permitted power demands from the 
individual feeders. 

b. Predetermined levels of battery state-of-charge will be used for 
shedding loads in inverse order of their essentiality. 

c. Control loops will be continued to the power controller circuits; 
supervisory control will not be remotely exercised. 

d. Sensors will be provided to sense battery state-of-charge at various 
levels; these signals will In turn activate solid state trip circuits 
causing a designated output contactor to open — thus shedding that 
particular lead. 

Mechanization of the power control circuits is quite straight forward; however 
the selection, design and specification of transducers that will dependably 
indicate the actual battery state-of-charge in the operating environment, 
over the equipment life time, will and has been a pivotal mechanization 
problem that haa to be solved. 

3.8 Load Management (LM) and Battery State-of-Charge (S.O.C.) 

3.8.1 Review of the Measurement Art 


Ihe purpose of load management for Photovoltaic (PV) Stand-Alone systems is to 
maintain a battery charge which is at all times greater than some minimum 
dictated by lesser loads. Implicit In the concept is a knowledge cf the 
actual, available charge in the battery. Practical Implementation of LM 
further requires this knowledge In near-real time, preferably hourly. 
Idcntii ication of a practical, reliable, "off-the-shelf" methodology providing 
a running assessment of the energy remaining in the battery became the major 
thrust of this analytical phase. 
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Load Management and the battery state-of-charge measurement are Inextricably 
coupled. There are several ways to measure or to estimate the charge state; 
unfortunately, most are not appropriate to the frequency of measurement and 
updating required for this application. Several p>otentlally useful methods 
are under development; other promising approaches have recently been announced 
In trade publications. At the onset of this Investigation, however, none of 

the available methods provided a packaged solution meeting all of the 
functional requirements. 

3.6.2 Specific Gravity 

Specific gravity of the electrolyte, when corrected for temperature and referenced 
to the initial specific gravity for the cell. Is an excellent Indicator of state- 
of charge. A plot of this characteristic Is shown in Figure 3.8-1. Specific 
gravity (corrected to if C) In lead-acid battery systems Is reduced by 0.001 
during discharge for each 0.46 ampere-hours/ liter of electrolyte. The AH 
capacity, as a function of temperature. Is a battery design paramete^, and the 
density correction for the electrolyte at temperatures other than 27 C Is well 
known. If the initial density Is known, then specific gravity and a simple 
look-up table should yield the charge state. The measurement technique must 
be developed If any specific gravity sending method Is to be practicable. 

A monitoring probe based upon the optical detection of the poslton of 
calibrated temperature-compensated gravity balls Is offered by DELTAR as a 
standard product. The balls are calibrated to preselected specific gravity 
("float-sink") transition points. In the "float" position, the light beam 

between a LED source and a phototransistor Is interdicted. Once the gravity 
drops below the transition point, the ball sinks, activating the beam. This 
probe. In combination with an electrolyte lift pump, should provide an 
acceptable short-term solution. Product sheets describing these sensors are 
included as Figure 3.8-2 and Figure 3.8-3 following. 

3.6.3 Coulombmeter 


A coulombmeter is used to measure the product of time and current , ampere- 
hours which are put into the battery during charging periods, and, conversely, 
those taken out during discharge periods. The difference, appropriately 
indexed for a starting point, should yield ampere-hours remaining (when 
corrected for temperature In a look-up table). 

The problem with the coulombmeter Is two-fold: first, the Indexing of a 
starting point; second, the assumption of a linear system. The coulombmeter 
can only be Indexed when the battery Is at 100 percent charge. In a PV 
system, this occurs frequently during the summer, but that Is usually the time 
when '’oad managment Is not needed. When It Is needed, (whether sunmer or 
wI.iLer), it is likely that the last Index was not weeks, but months In the 
past. In the Interim, several tens of charge-discharge cycles will have 
occured at different tem[>erature8 and different rates. Each new error will be 
added to all previous errors, and the original Index point will have been 
lost. Compensated coulombmeters have been recently announced; their price Is 
In the $600 range. 
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A^mXimTE PfACCNT OF RATCD SOO HOUR CAPAUTy AT 

25*C REMAINING 


SPECIFIC GRAVITY VS STATE OF CHANGE 
FIGURE 3.8-1 
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3.b.4 Terminal Voltage Measurements 


lermlnal voltage can be used <i8 an indicator of charge state. Figure 3.8-2 
displays this characteristic at zero current. However, it must take into 
account temperature and battery current at the tine of reading. The theory 
behind the terminal voltage reading comprises two parts: first, the reaction 
potential at the electrodes; and second, f.he IR drop in the electrolyte at the 
solid-liquid interface and in the metallic electrodes. In practice, all of 
these parameters are temperature dependent, but even without this Influence, 
the probability of gross errors resulting from unknown parametric changes 
becomes quite high. To amplify, the terminal cell voltage is given by the 
following expression: 


V-V-V-1(B+R + R R) 

tactea ct 

where 


( 1 ) 


■ Terminal Voltage 

V ■ Anode Reaction Potential 
a 

V « Cathode Reaction Potential 
c 

1^ * Terminal Current 


R^ ■ Electrolyte resistance 

R > Resistance at anode 
a 

R ■ Resistance at cathode 
c 

R^ ■ Interface metallic terminal 
resistance 


Most of the above parameters are in turn Influenced by such factors as battery 
service history, age, recent charge discharge profile and electrolyte density 
and/or stratification. Mechanization of a survivable S.O.C. measurement 
subsystem based upon this approach appears remote. 

One device for determining the specific gravity of the electrolyte by 
measuring the open circuit cell potential is the Digital Hydrometer 
manufactured by EMF Instruments, Inc. This instrument uses the caomlum 
electrode method to determine the specific gravity of a lead acid cell and its 
state-of-charge . According to the manufacturer, it measures the potential 
difference between the reference (cadmium) electrode and the positive pole to 
obtain the specific gravity. The voltage measured by the cadmium electrode is 
0.16 volts less than the open terminal voltage of a good quality cell. Again, 
according to the manufacturer, the specif li' gravity of the cell is given by: 

S.G. * Open terminal DIF - 0.84 (2) 

The derlvatirn of this algorithm is not readily apparent, but the designer 
appears at least to have established a consistent empirical relationship. 
This method shows little Insnedlate promise, principally because of many 
unknowns and the extreme difficulty of repetitively monitoring the zero 
current potential of cells in continuous use. Measurement stabilization time 
alone would render this approach virtually prohibitive. 
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APPROXIMATE OPEN CIRCUIT VOLTAGE OF TYPICAL LEAD-ACID 
CELLS AT VARIOUS DEPTHS OF DISCHARGE (DOD) FOR 25°C AMBIENT 

FIGURE 3.6-2 
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If current flows In the cell terminals, we must consider the terms R , R^, R^ 
in equation 1, paragraph 3.8.4. The term, R , depends upon electrolyte 
conductivity and the state of the pores In fhe separator. In a new cell, the 
pores are filled with electrolyte. However, as the cell ages, the pores 
become clogged with quasilnsulating material and are diminished as effective 
channels for transport of the Ionic species In charge or discharge. 

The electrolyte conductivity (corrected for temperature) Is a direct measure 
of specific gravity and hence the percent of possible charge, as shown In 
Figure 3.8-3. The reduction in conductivity with pore closing reflects a 
reduction In the possible charge as a result of battery aging. Thus, R is a 
good Indicator of available capacity. The same Is true of R and R , although 
here the values are chiefly determined by the aging of the battery. Thus, the 
term (R + R + R ) Is, when temperature corrected, a good estimate of the 
Inverse^charfe remaining. 

The problem with detecting charge state from (R + R R ) is that the 
numerical value Is rather low, and thus a moderSte current is required to make 
the resistive voltage drop significant with respect to the reaction potential 
of the electrodes. If It were not so, the battery would be very Inefficient. 
Figure 3.8-4 Indicates the general shape of curves for cell voltage versus 
charge state at two values of discharge current. 

A reliable algorithm developed from the battery 1-V characteristics at 
moderate to high discharge currents can undoubtedly be mechanized; the 
interfering parameters previously discussed appear to be managable. However, 
no equipment has been found that will directly solve this inmedlate problem. 

One manufacturer (Motorola) offers a related device that measures cell 
conductivity at a 100 Kilohertz. It has been designed specifically for 
determining battery aging or proximity to wear-out. Not being a true state- 
of-charge measurement device, it has been rejected. 

3.8.6 Summary of Findings 

An accurate dally estimation of the charge remaining in the battery is 
required. Although several methods exist, most have fundamental drawbacks for 
stand-alone PV applications. 

(a) Specific Gravity - Some automation problems expected; subject to 
possible errors from electrolyte stratification; however, an eff- 
thc-shelf, mechanization approach using the DELTAR probe has been 
developed. The stratification problem appeared manageable with the 
use of a small electrolyte lift pum.p on the pilot cells. 

(b) Coulombmeter - Requires periodic reset when lOG percent charge is 
reached; accuracy deteriorated steadily after reset. In PV systems 
it is most accurate when not needed (frequent full charge) and of 
questionable accuracy when needed. 
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FIGURE 3.8-3. 
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FIGURE 3.8-4. 
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(c) lerininal Voltage at Zero Current - Subject to gross errors from 
stratification and other cell parameters; serious difficulties 
expected in attempts to mechanize for an on line battery. No 
product specifically for SOC measurements was found to exist. 

(e) Terminal Voltage at Moderate Discharge Current - a utilization of 
this approach requires the following: 

o development of a S.O.C./I-V algorithm free of degrading 
parametric influences. 

o mechanization of the required analog or digital computational 
circuits . 

o design of pulse forming power network. 

A realistic developmental project could be readily generated in 
solution of the above requirements; however it would be well beyond 
the scope of this study. 

Hughes therefore recommends approach "A," that of measuring th' specific 
gravity of the battery with the DELTAR probes. 

3.9 DC Power Switching and Interruption 

DC power generation, transmission and distribution has always been beset by 
two major obstacles, inability to conveniently transform voltages, and 
difficulty in assuring power interruption. The designer of PV power systems 
must squarely address these inherent switching problems; otherwise, the system 
design will be inadequate and quickly fall. 

A 1 kWp PV array charging a 60 cell (120 volts nominal) battery typically 
exhibits a min/max voltage range from about 95 VDC (1.75 VPC at end of 
discharge) to about 170 VDC (open circuited with sufficient Insolation). With 
the batteries connected, the charge voltage cut-off point (float potential) at 
25 C is about 1A7 Vdc; correspondingly, the nominal charging current is about 
8.7 amperes. Interrupting current of this magnitude cannot be accomplished 
with most conventional DC relays or typical low voltage AC contactors. For 
example, an unprotected AC industrial relay rated 25 amps, 277 VAC, 3 phase 
has no mechanism (nor does it require any) for arc blowout or threading; in 
equivalent DC service, unextlngulshed arc erosion would quickly destroy the 
contacts. Conventional low-voltage AC circuit breakers, even premium designs 
with arc "boxes" or chutes, will not survive many cycles of a relatively 
modest DC Interruption level. 

Inability to interrupt DC results from an absence of a "current zero." In 
noninductive AC power inteiruption, the current wave crosses the zero axis 
every 8.3 milliseconds. If the contacts can part in that period, and the 
dielectric gap recovers, interruption, with minimum low arcing, is assured. 
Even hVAC circuit breakers will safely interrupt in 10 cycles. The current 
zero may be delayed in AC circuits when assymetrlcal components are present 
due to inductance; current reversal does, however, ultimately take place. 
Interruption of PV array current had some of the unwanted attributes of 
combined DC and inductive source interruption. The rise in open circuit 
voltage plus the quasi-constant current nature of the array I-V characteristic 
can continue to support an arc struck between the parting contacts. 
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There are a number of product lines of rugged DC contactors for control of DC 
power in stationary electrical machinery, electromotive, and other 
applications. The devices feature extended arc boxes or chutes above the 
contacts, various forms of magnetic blowout, arc horns, and they use special 
arc-quenching materials. These devices, while reliable and capable of many 
interruptions, are not Inexpensive. For example, a 2 pole, 23 amp contactor 
rated 230 VDC lists for $260. A 600 volts, 1 kA contactor lists for more that 
$900.00. 

Both the derating and the cost impact become more pronounced when the lower 
power relays are examined. For example, the price of a square D class 7001 
relay in a DPST configuration is $114. The AC interruption rating for 
inductive (33 percent PF) service ranged from 6 amps & 120 VKMS to 1.3 amps @ 
480 VR1>S. For inductive and resistive DC service, both the make and break 
ratings at 600 VDC collapse to 200 mllliamperes. Other electromechanical 
devices, including circuit breakers, loadbreak switches, and crowbars also 
require this additional protection. 

The high voltage DC switching technology for bulk power transmission uses 
several techniques to comnutate the arc energy out of the main contacts and to 
ensure reliable Interruption. One method is using very fast auxiliary 
switching devices in parallel with the main gap. Figure 3.9-1 depicts this 
sequence. In this example, the main contacts are commanded to open; the fast 
switch has been previously turned on by an initializing conmand. As the main 
contacts part, the path through the fast switch momentarily becomes the main 
current path. With this current diversion, the main contacts continue to part 
in a virtually arcless manner. In the absence of a sustained main contact 
arc, virtually no recovery of the gap has to occur; when the contact 
separation has reached about 0.013," a D.C. dielectric withstand in excess of 
several hundred volts is reasonably assured. The parallel static switch can 
then be turned off. In relatively low voltage operation, a power transistor 
Darlington switch can be used. At higher power levels, OFF commutated 
thyristors would be compatible. For high voltage DC interruption (to 130 KV), 
Hughes successfully employed both SF^ and oil breakers/contactors in 
combination with its cross-field tube. 

Another successful method for Interrupting high power DC uses the circuit 
given in Figure 3.9-2. Upon connand to "open," the dv/dt capacitor in 
charging delays the voltage rise across the parting contacts, giving the gap 
an opportunity to recover. 

The energy that would have formed the arc has now been commutated into the 

capacitor, which charges up to the crest potential difference. The metallic 

oxide varistor serves as a clamp to absorb and dissipate the surge energy 

which would be released by discharge of the line reactance. The MOV also 

limits the voltage excursion, thus protecting the capacitor, and prohibiting 
restrike of the recovering contact gap. This configuration has handled 
transient voltages to 80 KV at currents to several klloamperes in MRTB 
(Metallic Return Transfer Breaker) service on DC Intertles. 

Another high voltage configuration, the Injection of a reverse current flow to 
momentarily establish a current zero, is depicted in Figure 3.9-3. 
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ARCLESS DC INTERRUPIION BYPASS STATIC SWITCH 
FIGURE 3.9-1. 
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DC TRANSMISSION LINE NEUTRAL 



HVDC POWER TRANSFER WITH COMMUTATING CAPACITOR 
FIGURE 3.9-2. 
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ARCLESS DC POWER INTERRUPTION: CURRENT ZERO METHOD 
FIGURE 3.9-3. 
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Arcless DC Power Interruption : Snubber Method 

Figure 3.9-4, 
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Prtparatory steps include charging the capacitor, the source of energy for the 
countercurrent. Upon the interruption comaand, the thyristor is fired and the 
capacitor discharges through the loop consisting of the saturable reactor L », 
and the main contacts. When the current flow is approaching reversal, Ine 
main contacts began to part; sustains constant current flow when its core 

drops out of saturation. Main contact parting is virtually arcless. 

Hgure 3.9-4 depicts the snubber method, the one selected for usage across 
power switching contacts in the power controller. At the instant of contact 
parting, thf potential difference across the contacts is the diode voltage 
drop. The capacitor. Initially at zero potential, charges through the diode, 
and conm.utates the energy out of the parting gap. Due to the diode drop, the 
contact potential drop on parting contacts is about one volt. This is well 
below tlie '^irst ionization potential of the contact materials and causes no 
problem. The gap can recover; restrike will not occur if the constants are 
properly selected. Kj is added to discharge safely the capacitor on reclosure 
to ready the contactor (or circuit breaker) for successive interruptions. The 
value of Rj is set by safe maximum capacitor discharge current; when the 
contacts reclose, this would be about 2.5 amperes for a 120 volt system. 
Using a hermetic mercury displacement relay, the snubber should extend the 
interruption life to that of the mechanical, about 4,000,000 cycles. 

Testing was done to verify the selected concepts. Typically, with open frame 
power contactors, only minor sparking was observed at 250 VDC and 30 ADC, and 
virtually none at 8-10 ADC. 

3.1U ELLCTRICAL PROTECTION 

Design alternatives for this BOS element were Identified, and final trade-offs 
were nade. Suirariary comnients follow: 

3.10.1 Grounding 

Adequate system grounding is important becaise it maintains the systens 
elements at a safe and known reference potential (usually a few volts or 
less), and it provides a high conductance path for positive diversion of 
lightning induced current surges. Several promising approaches were 
idem i f led : 

A. Concrete-encased Electrodes. 

B. Ground-rod Cluster. 

C. Burled Metallic Counterpoise. 

Althougli all of the above methods can be deployed effectively, the buried 
metallic counterpoise, Option C, yielded the lowest cost. Using a 1/4" hot- 
dipped galvanized steel wire, a ground resistance of less than ICi ohms was 
computed for sandy desert soil, with wire burial at about 18 Inches. A 
perimeter length of 400 feet, with diagonally crossed radials, was assumed in 
the simplified model. 
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3.10.2 Lightning Protection POOR QUALITY 

The use of lightning rods on masts on each of the north array corners, plus a 
lower interconnective aerial counterpoise, was originally reconinended for the 
maximum power l5kWp system. Use in connection with the buried metallic 
counterpoise was also projected. A 15kWp array field would have been 
approximately 107 ft. x 95f t. Two rods 30 ft. high, spaced 24 ft. south 
from the north corners would have provided adequate coverage. The principal 
options here were to: 

A. Include a simple systen , irrespective of the thunderstorm day 
incidence of the planned site, 

b. Delete the lightning protection kit for all sites wherein the array 
is closely surrounded by much higher metallic structures. 

C. Delete the lightning protection kit for sites of known low 
isokeraunic incidence, i.e., less than five thunderstorm days per 
year. 

The decision to include or to delete the lightning protection kit therefore 
becomes one of a site specific nature. 

3.10.3 bonding and Shielding 

Because of possible wide variation in ground resistance for a range of sites, 
it was recommended that some supplemental bonding straps and frequent tie- 
points to a burled counterpoise be employed. The array field then becomes an 
equipotential systeni, able to survive transient surges, even if the ground 
resistance is high. 

3.10.4 Vol tage Limitation 

No additional evidence had been found indicating a long-term onset region 
drift in quality metallic oxide varistors. Accordingly, the more expensive 
supplementally gapped MOV assembly was not further considered. 

3.10.5 Protection from Electrical Faults 

Table 3.10.1 lists the electrical faults that might occur in photovoltaic array 
fields, their probable o>'igin, consequence, and comparative ease of 
detectability. 

Referring to Table 3.10.1 number of conditions become apparent: 

A. Only 1 Ine-to-ground (common mode) high Impedence faults are readily 
relayed. Similar transverse mode faults are not directly detectable. 
B. Proper dielectric Integrity and high neutral-to-ground resistance 
could protect personnel against common mode currents above the let-go 
level. C. Both romnion and transverse mode bolted faults havi' to be 
relayed to preclude sustained partial or total outage and to prevent 
sustained arcing damage. 

D. Sectionallzacion limits tfie extent of an outage and permits the 
system to continue delivering energy at a fractional power level. 

E. Tlie electrical protection strategy weighs some unquantified future 
risk and outage probability against the cost of such protection. 
This future hazard might result in an Injury or lethal accident, or 
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It iray lead to an unspecified loss of capital equipnient and 
generation tiire. 
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The following alternativts are available: 
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A. Deletion of all ground fault protective circuits and their attendant 
cost; depend upon perimeter security to circumvent accidents; i.e., 
"Trespassers proceed at their own risk." 
b. Deletion of transverse mode bolted fault protection and undervoltage 
relaying and associated cost. Use of the system Inability of to 
•upport a load as a means of signalling an out-of-tolerance 
condition. C. Operate on the premise that the protection of 
operating peisonnel from certain hazardous events is mandatory, 
thereby Justifying Inclusion of some protective circuits on this 
basis alone. 

D. If "A" and "B" above are not deleted, deterr.i.ie the optimal level at 
which such protection must be applied: 


1) Sectionalize and protect at the modular increment level, 
typically IkWp. 

2) Do not sectionalize; protect only at the system level, 
irrespective of the power output of the field. 

3) Sectionalize and protect at some intermediate level, for example 
4kWp. 

3.10.6 Em/Surge Control 


3.10.6.1 Electromagnetic Interference (EMI) 

Photovoltaic arrays cannot in themselves generate Ehl; the devices coupled to 
them, inverters, DC-DC converters, switching regulators as well as arcing 
shorts, do have a potential for generating radio Interference. 


An assessment of the potential of intermediate sector fields was made in 
support of a contractual effort under the Sandla Laboratories contact 
"riiotovoltalc Array Field Optimization and Modularity Study," Contract 62- 
91bb. Ihls study identified the possible Interfacing sources of RF energy, 
level of radio service interference, characterized the radiating elements 
within the array field, and gave examples of EMI safeguards for these larger 
fields. The following conclusions were reached for the intermediate sector 
i ields : 

A. L’nburied feeders could appear as i/2 wave dipoles at some frequency 
within the service spectrum. 

b. Rcidiation resistances are in the milllohm range. 

C. Sub-feeder inteiaction could be a potential source of spurious 
excitation . 

D. If no remedial action whatsoever were taken, unwanted signal 
propagation, as the result of high ripple Injecti'm (tvpicclfy to 
AOt'hz non-slnusoidal waves et 25ft. relative amplitude), could cause 
out-ol-Fpeclf Icatiou Int^-ference at several mllee distant. 

E. It.e inclusion of simple R-C snubbers across ccliection tsumming) 
points, plus shunt filters on the main feeders, reduced this 
potential problem to insignificant levels. 
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Sliiinl switching regulators of the continuously sampling PUM type could 
possibly »xclte the array flclo output at sub-millisecond rates; some 
interference could potentially exist. Tlie regulator designs considered the 
most cost effective are free running and not of the carrier type. These 
proposed designs can readily Incorporate a simple R-C input snubber. It was 
concluded that with minor b>il control precautions, the probability of a stand- 
alone PV system being an unwanted E>tl radiator was very remote. Tills topic 
should not be of further concern. 

3.10.7 Kankings/Rccommendat ions Preparatory to Conceptual Design 

The following rankings and recomuiendatlons were given prior to initiating the 
conceptual design tasks. 

3.10.7.1 Grounding 

Kslablish an earth low impedance (ground) reference for all system 
Installations . 

3.10.7.2 Lightning Protection 

Include kits in regions of high Isokeraunic activity; delete kits when higher 
adjacent structures exist, or isokeraunic activity is low. 

3.10.7.3 Bonding and Shielding 

hnsure good mechanical bonding on all array structural elements; run separate 
ground to Power Controller and make available to load. 

3.10.7.4 Voltage Limitation 

Use properly rated metallic oxide varistors (MOVS) on all 1/0 ports. 

3.10.7.5 Fault Protection 

Provide one system Ground Fault Relay that activates all crowbars. Depend 
upon surge protected distribution breakers and UV trip lor load faults; 
provide battery with backup fuse, and safety "Supercon" mechanical disconnect; 
relay transverse mode array faults by loss of vol tage/power observations. 

3.10.7.6 L^lI/Surgc Control 

Lin.it remedial action to the simple R-C snubber previously described. 

3.11 FNVIRONMLMAL PhOlLClIGN OF BATTERIES 

3.11.1 ^neral 

General requirements for battery protection are: 

A. Protect the battery against wind-blown dust and rain, and possible 
theft, vandalism, and personal hazard. 

B. Be well ventilated, and thus prevent a hydrogen hazard, and assist in 
reducing electrolyte temperature in hot environments. 

C. Protect the batteries from' direct solai radiation and the subsequent 
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temperature rise. 

D. Be low cost, simple to assemble and Install, and of long life. 

lilt- iiiobL promising candidates for both the racks and the shelter appeared to 
be concrete block and wood, or some comiblnation thereof. In sustained sub- 
zero temperatures, a special insulated enclosure was first visualized as a 
means of raising the minimum electrolyte temperature and protecting the 
battery against freezing. We also looked into the poF<>ibillty of burying the 
b;itteries to a sufficient depth in a totally enclosed "crypt." The purpose 
here would be to advantageously employ the moderating effect of the earth 
below the dlurnally sensitive surface layer. A brief analysis indicated a 
subterranean enclosure equivilant to a miine shaft or a walk-in cave would 
begin to show beneficial results. Shallow subsurface "pits" would only 
exacerbate the thermal problem. 

The list of viable candidates was reduced to the following three developmental 
concepts : 

A. A central "PreFab" battery enclosure. 

b. A native material enclosure. 

C. Dispersed "under the array" battery housing. 

3,11 .2 Central Prefab Enclosur *> 

A typical prefabricated enclot '•e is depicted in Figure 3.11-1 A low cost 
factory kit designed principally for temperate and equatorial zone 
applications was envisioned. The following criteria were used: 

A. Shade the battery from direct sunlight. 

B. Neet a target weight not exceeding 1(*-13 percent of the batteries. 

C. Pern.it cross-ventilation of cell array and nighttime cooling. 

L). Protect the batteries against windblown dust and rain. 

E. Protect against theft, vandalism, and intrusion. 

F. En.ploy materials readily available world-wide. 

G. Allow for assembly by unskilled labor. 

Four enclosure sizes (& ft. x 6 ft.; 8 ft. x 8 ft.; 6 ft. x 12 ft.; 8 ft. x 2A 
ft.) were evaluated using various methods of construction, such as concrete 
block and mortar, aluminum, various wood shapes, and plywood. Concrete block 
was eliminated because its of unavailability in some areas, high cost of 
t raneportation , need for "skilled" labor, and overall high final cost. Sheet 
n.etal and aluminum were considered to be practical only if the enclosures were 
prefabricated in the U.S. and air shipped to the sites, however, the costs 
were higher than those for concrete block. Various wooden structures were 
considered, with plywooo t-iirg the most practical and meeting all of tne 
requirements. The design of the enclosure, using plywood, could be pre- 
fabricated into sections in the nearest city or village, painted, transported, 
and assembled on the site. The plywood acts as a structural "skin" and 
eliniinates the need for diagonal bracing. 
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CENTRAL BATTERY ENCLOSURE "PRE-fAB'' OPTION 
FIGURE 3.11r1 
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3.11.3 Native Material Enclosure OF POOR QUALITY 

For temperate climates, and in areas where finished lumber and other normal 
construction materials are scarce or the costs prohibitive, another alterna- 
tive battery enclosure using principally native materials was investigated. 
The enclosure shown in Figure 3.11-2 can be constructed entirely of wooden 
logs/limbs or bamboo. Larger logs are used for the corner posts and ceiling 
joists. A smaller size is used for the rafters, which are covered by a still 
smaller size laid at right angles. The sides of the enclosures are covered 
with lattice "doors" allowing air to move freely through the Inside space, but 
keeping out animals and birds. The floor was compacted earth or was made of 
logs/ bamboo , 

This is a comimon shelter eiicuuntered in most third-world countries; it does 
not require skilled labor to construct. Trees or bamboo would be cut from the 
nearest source, trimmed, and carried to the site. Structural members would be 
nailed or tied together. A layer of large leaves, moss, clay or other native 
material would be placed over the rafters, before the roof logs are laid, to 
seal the roof. Two to four men typically could construct this type of 
enclosure in about one week. Material costs are estimated to be about $300; 
local labor should be less than $500. 

3.11.4 Dispersed "Onder-The-Array" Battery Housing Fig. 3.11-3 

Clearly, with the exception of housing the batteries in a heated, (or air 
conditioned) well-insulated, ventilated build^ it was difficult to 

visualize a cost-effective, locally built fi.u .:ure or kit that could 
efficiently augment the battery bank itself as an environmentally impervious 
barrier. Figure 3.11-3 depicts a configuration based upon this premise. The 
only vulnerable battery points are the electrical interconnects (external 
moisture, electrical leakage and hazard); and the porous ceramic filler tube, 
the Deltar caps, and the access port to the electrolyte lift pump (moisture, 
wind-blown dust and other contaminants). 

Hughes has considerable experience with multicell batteries installed under 
the PV arrays. Precautions Included raceways and conduit for the battery 
cables and protective shrouds for the cell-to-cell interconr ects , plus 
protective cover for the fill tubes. Site ambient temperatures ranged fiom 
approximately 6 F to *JlO F; environmental extremes included sandstorms, 
rainstorms and blizzards. 

3.11.5 Recom.mendations 

Hughes rfccomm.ended that the dispersed under or the shadow of the arrays 
housings be adopted as shown in Figure 3.11-3 The battery deck is supported 
by transverse channels bridging the array structure. The battery terminals 
and fill tubes are also protected against wind-blown dust and snow by 
removable plastic covers. An acceptable cover design presently in use is 
fabricated from split PVC or ABS pipe. These light weight rugged covers are 
readily held down by plastic ties. The open construction and liberal 
intercelj. spacing provides excellent heat rejectlo. and ensures that 
potentially damaging hot spot temperature rises will not occur in the 
electrolyte. Increased panel mounting height will be required in equatorial 
sites to penrilt access to the strings for shallow panel inclination angles. 
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MCOULAR tUIIFACf MOUNTfO mOTOVOlTAK rANCLt 



ANCMM gT*KI(*OTH INMI 


DISPERSED BATTERY ENCLOSURE 
FIGURE 3.11-3 
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3.12.1 Ge neral 

Tliese topics were Identified as BOS elements. As appropriate, options were 
developed and evaluated under the Task 1 efforts. Certain trades, and 
alternative and recommended approaches, not previously discussed, are herein 
Idrnt i f led . 

2 ,] 2.2 Transportation Considerations 
Array Field Elements 

This BOS subgroup included array structural and foundation elements, wire and 
cabling, and miscellaneous electrical and mechanical hardware. Our findings 
indicate that no specific restrictions exist with regard to mode of transport. 
Some level of factory preassembly or "kitting" was Indicated. 

bat teri cs 


National and international carrier regulations required that "wet" bitteries 
be shipped by surface transportation. For unusually remote sites it is 

recommended that alternative regional or geographical sources of supply be 
identified and verified as to their suitabi’^c, . In unusual circumstances 
"Dry" batteries could be cxpediously ship J , air, with the corrosive 
electrolyte earlier forwarded separately r* . k approved surface or air 
transportation method. 

Power Controller 


Hughes recommends that the Power Controller be manufactured in the United 
States, in cost effective quantities, and shipped under the same conditions as 
other electrical/electronic apparatus. No special fragility appears to exist. 

3.12.3 Installation 

Our analyses indicate that quality manufactured BOS elements of mature design 
can be assembled in the field by semi-skilled labor. Competent technical 
supervision is, however, a mandatory prerequisite. Some of the techniques 
that add minimally to the manufacturing cost but reduced greatly the 
probability of Installation errors included: 

PV Modules 


Ihc shipment of thoroughly pretested modules, terminated in polarized Solarlok 
bus connectors, would eliminate most common electrical hook-up errors. 

Array Structures and Foundations 


These elements should be properly identified standard prefabricated parts; 
niaximum use should be made of simplified structural drawings, or other 
illustrated breakdowns. The designer should follow good commerical kit 
assembly practices, not costly ML-Spec procedures. 
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Array Held Wiring and Battery Interconnection OF POOR QUALITY 

Ujyoutb should be provided for all available standard ratings. Aerial-burial 
wire could lead to completely preassembled radial field cabling and/or even 
prefab aerial-burial harnesses. Battery cable using Supercon connectors could 
t)£' partially assembled; the "Supercon" is not a difficult connector to field 
Install. Essential trade skills include rudimentary electrical tasks (wire 
dressing, soldering, connector assembly, continuity testing and wlring-hypot 
with modules, not connected) and "pull" teste for mechanical Integrity. 

Power Controller 

This BUS element must be a factory pre-wired assembly requiring only minor 
field adjustment, hook-up and functional check of electrical interfaces via 
the Solarlok/Supercon connectors; it requires only structural mounting on 
appropriate pad or pedestal. 

3.12.4 Checkout and Commlcsionlng 

PC Array Power Collection Circuits 

Daisy-chain wired branches facilitate rapid continuity testing and I-V 
pretest. Sequentially testing all individual branches and strings forming the 
particular rating can be done circuit by circuit with those power controller 
circuits activated. 

Power Controllers 


Regulator and protective circuits should be reasonably fail-safe with 
unambiguous displays of status provided. Simplified procedure must permit 
ready checkout of charge/regulation function. Pre-test and field calibration 
check may possibly be required. 

Load Management Circuits 

These circuits will depend upon correct assessment of battery state-of-charge ; 
strong dependence upon complete factory pre-test for proper function is 
requi red . 

Battery and Battery Circuits 

After continuity, hypot , and other preliminary wiring integrity tests, the 
final checkout of batteries results from calibrated load tests. 

Integrated System Performance 

Full operation of system under various loads with varying degrees of array 
power contribution must be performed; also diurnal runs involving battery 
charge depletion are required. A simple but comprehensive acceptance test 
procedure (ATP) should make this effort quite straightforward. 
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On-Slte Test Equipment and Tools Required 

The following Items are recoomended : Electricians' and mechanics' tools, 

maintenance supplies, Portable I^iM (digital multimeters), Hall current probes, 
Megohmmeter (hypot), Array Maintenance test set, battery hydrometers, and 
conductivity meter. 

Routine Operations 

The following functions appear to be required: Periodic check of system DC 

output; power flow (budget); relative contribution of array branches; absence 
(>f malfunctions or degraded performance. Checkout of battery electrolyte 
level and state-of-charge (S.O.C.) and all displays indicate In-tolerance 
operation . 

Fault Diagnosis 

These diagnostic capabilities appear to be required: 

o For array elements, isolation down to faulted string or branch, 
exhibiting a substandard power output, 
o For power controller, isolation down to faulted switching assembly, 
control board, or system control element, 
o For batteries, fault isolation to a malfunctioned (or substandard) 
string and within those, to a faulted cell or module, 
o For w iring/cable faults, isolation to individual radial power loops, 
o For faulted modules, string segmentation and faulted module 
identification using array maintenance test set. 
o For Load Management (LM) and load circuits, first load check and then 
test the individual load prioritization circuits, including the LM 
board and the battery S.O.C. sensors. 

Maintenance Action 


o Replace faulted PV modules as necessary, 
o Replace faulted circuit boards. 

o Operate degraded battery strings at reduced power or shed faulted string 
(Battery spares are not r^ '^moiended). 
o Replace faulted state-of-charge sensors, 
o Replace faulted tem.perature sensor. 

3.14 SPECIFICATIONS. CODES AND STANDARD 

3.14.1 General 

I lie practices recommended and the hardware selected were examined carefully 
f ron. the code standpoint. The standards that have provided baseline guidance 
are listed below. National standards, safety codes, and NEl.A specifications 
arc designed to ensure safe usage, protect personnel and to direct use of 
apparatus specifically suiied for the particular functional requirement. 
Applicability of these documents is limited to those areas relevant to stand- 
alone photovoltaic power systems. 
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3.14.2 ^^ajor Codes and Standards Dealing with Personnel Safety, Protection 
of Electrical Power Systems, and Approved Apparatus 

A. ANSI C2-1981: National Electrical Safety Code (NESC). 

B. ANSI Cl-1981: National Electrical Code (NEC/NPFC). 

C. NFPA No. 101-1976, Life Safety Code Public Law No. 91-596, Wllllams- 
Stelger Occupational Safety and Health Act of 1970 (8A Stat 1593, 
1600; 29 use 656, 657), Chapter XVII of Title 29 of The Code of 
Federal Regulations, established on April 13, 1970 (36 FR 7006), as 
amended through 1981. 

D. UL - Underwriters Laboratory, Inc. (Electrical Materials Construction 
Directory, May 1981). 

F. UL - Underwriters Laboratory, Inc.( Electric Appliance and 
Utilization Equipment Directory, May 1981). 

F. UL - Underwriters Laboratory, Inc. (Recognized Component Directory, 
Volumes I and II, Mar. 1981). 

3.14.3 Related National Codes, Standards and Guidance Criteria Directed 
Toward Conventional Power Systems, but with Applicability to Stand- 
Alone Photovol talcs ; 

G. IEEE Std 446-1980 (Orange Book), "Recommended Practice for Standby 
Power Systems for Industrial and Connercial Applications." 

H. IEEE Std 493-1980 (Gold Book), "Recommended Practice for the Design 
of Reliable Industrial and Comnerclal Power Systems." 

I. IEEE Std 242-1975 (Buff Book), "Recommended Practice for Protection 
and Coordination of Industrial and Connercial Power Systems." 

J. IEEE Std 141-1976 (Red Book), "Recommended Practice for Electrical 
Power Distribution for Industrial Plants." 

K. IEEE Std 241-19-74 (Grey Book), "Recommended Practice for Electrical 
Power Distribution In Commercial Buildings." 

L. IEEE Std 80-1976, ' IEEE Guide for Safety in Subsystem Grounding." 

M. H.W. Denny, et al , Grounding, Bonding and Shielding Practices for 
Electronic Equipment and Facilities, Vol. 1, "Fundamental 
Considerations", AD-A0222332, Federal Aviation Administration Report 
No. FAA-kD- 75-215, (Atlanta, Georgia Institute of Technology) 


3.14.4 ANSI/IEEE/NEMA and DOE Codes and Standards Relating More to Specific 
Apparatus Classes 

N. MlL-A-90940 (ACG), "Specification for Lightning Arrestors." 

O. JPL/LSA 5104-164, "Interim Standard for Safety: Flat Plate 

Photovoltaic Modules and Panels." 

P. ANSI Conmittee C. 1 . , "Lightning Protection Code/C62.1: Lightning 

Arrestors for AC Power Circuits." 

Q. ANSI C37. 17-1972, "Trip Devices for AC and General Purpose DC Low- 
Voltage Power Circuit Breakers." 

R. ANSI C37.10G-1972, "Definitions for Power Switchgear." 

S. IEEE Std 20-1973, "Low-Voltage AC Power Circuit Breakers Used in 
Enclosures (ANSI C37. 13-1973) ." 

T. NEMA ABl-1969, "Molded-Case Circuit Breakers." 

U. NEFlA SG 3-1971, "Low-Voltage Power Circuit Breakers." 

V. NLI'A No. pB 1.2-1977, "Application Guide for Ground Fault Protective 
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Devices for Equipment." 

IEEE Std A85-1978, "Recommended Practices for Sizing Large Lead 
Storage Batteries for Generating Stations and Substations." 
ANSI/IEEE Std A50-1975, "Recommended Practice for Maintenance, 
Testing, and Replacement of Large Lead Storage Batteries for 
Generating Stations and Substations." 
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4.0 Conceptual Design of Stand-Alone Modular Systems 

Ak Indicated In the introduction of this report, the overall purpose of this 
effort was to develop/create a family of cost effective modular power systems 
with the approximate power range of 1 to 15 kVIp that would be available for a 
wide variety of applications and environments. In consonance with this 
purpose, a systematic sequence of design tasks beginning with the conceptual 
design was performed to develop the final modular system design. The 
objective of this section is to describe the methodology used to develop the 
concepts that lead to the final modular design. 

4. 1 Conceptual Design Rationale 

Ihe general guidelines used in selecting appropriate concepts for the modular 
system were: 

1) That the modular system be multi-purpose and applicable worldwide. 

2) That the BOS components selected be mature and in a state of technical 
readiness ("off-the-shelf" and available for hardware testing in 1982). 

3) That the system be designed for acceptance of Block IV modules being 
developed under the DOE National PV Program. 

4) That the modular system Incorporate the functional elements described 
previously on the BOS evaluation system. 

5) That the System voltage be 120 volts DC. 

6) That the selected concept is maximally cost effective over a minimum 
service lifetime of twenty years. 


These guidelines effectively limited the selection of BOS components and 
iience, the module system to near term 1982 technology. 

The design concepts, bounded by the above guidelines, were developed from the 
many options available in each of the BOS component categories identified in 
Task I. 

4. 2 Environmental Specifications 

The environmental specifications, shown in Table 4.2-1, were employed in all 
technical and economic evaluations during this design effort. These 
specifications are a modified version of the Basic Climate Zone Type 1 of 
Table 1, found in ML-STD-210B "Climatic Extremes for Military Applications." 

It was determined that that the Incorporation of extreme environmental 
conditions seriously impacted the design and cost of the modular syst^' . On 
the other hand, deletion of the extremes did not limit the universality of the 
modular system application, because the extreme conditions represent a small 
portion of application sites for PV systems. For example, the snow load 
specification of 48 Ib/ft in the MIL-STD-210B is equivalent to the pressure 
exerted on a PV module by^a snow pack of 10 ft.; the more realistic modified 
specification of 10 Ib/ft is equivalent to that of a 2 ft, snow level. 

In the temperate zones, the battery is more vulnerable to electroltye freezing (and 
subsequent destruction) when the dally insolation is low and the battery electrolyte 
heavily depleted at the end of discharge. Similarly, the battery should be derated 
50 percent in expected operating life for each 15 F sustained electrolyte tempera- 
ture rise above 77 F. The 0 F to 1 lO^F ambient temperature limits are shaped by 
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envircnoental restrictions Intrinsic to the battery, not by the other active BOS 
elements. Should systems be deployed to environments exceeding these temperature 
limits, special care must be afforded fer battery protection. 


lable A. 2-1. Sumnary of Modified Environmental Design Criteria for 

BOS Components 


(1) Ambient Temperature 

Operating 

Storage 

(2) Humidity 


0 o 

0 F to 110 F 

-25°F to +120°F (fully charged battery) 
Up to 100%. 


(3) Rainfall 

(A) Snow-Blowing Snow 

Snow Loads 

(5) Ice Accretion 

(6) Wind 

(7) Dust 


0.0315 In/min. 

Up to 6.6 X 10 ^ Ib/ft^/sec at 1.6 
ft. above grounc with a wind speed 
of AA ft/sec. 

10^ Ib/fr . 

Up to 0.5" glaze with specific 
gravity of 0.9. 

Steady speeds to 77 ft/sec with 
gusts to 105 ft/sec. 

Concentrations up to 1.1 X 10 ^ 

3 

Ib/ft with most dust particles sizes 
5.9 X 10 in. with wind speeds of 
65 ft/ sec. at 10 ft. above ground. 


ORIGINAL PAGE !9 
OF POOR QUALITY 


A-2 



ORIGir.'AL PAGE f3 
Of' POOR QUALITY 

A . 3 baseline Conceptual Design Guidelines and Configurations 

We established a baseline system (minimum power rating) configuration for each 
concept exhibiting the least system cost per kW-hr output for modular power 
levels from 1 kW to 15 kW. The electrical Industry approach of equating a 
basic output, 1 kWp to a 1 Power Unit (P.U.) baseline output, was employed. A 
10 kWp upper rating has been used for convenience, as have binary levels for 
standard power increments, namely 1, 2, 4, 8, 16. The availability of 

discrete power Increments of less than 1 kW Improve overall cost 
effectiveness. For example, if the stand-alone mission could he satisfied by 
a 1/2 PL photovoltaic array, the use of a 1 PU (1.0 kWp) field represents a 
costly, unnecessary expense. Accordingly, a single series array string 
delivering approximately 150 VDC at 2.13 ADC (320 Wp) will be available In one 
nf the options. 

Ihe panel factors, that Is, the peak standard current output required to 
support a specified continuous 2A hour load varies broadly from site to site 
when autonomous PV systems are deployed worldwide as various latitudes under a 
wide range of climatic conditions. Similarly, the storage factor, the 

kilowatt hour energy storage required to support a selected mission profile. 

Is also highly site location dependent. For example, given identical 24 hour 
load demands, we find that a location such as Vancouver, British Columbia will 
require perhaps three times the panel output and four times the energy storage 
to obtain the same level of autonomy and "uninterruptlblllty" as an equivalent 
site near Albuquerque, New Mexico. As a means of establishing a "point of 
departure," we have somewhat arbitrarily adopted a panel factor of 7X, and a 
storage factor of 250 hours. This site corresponds approximately to a clear 
weather site In the southwestern desert regions of the United States. 

4.4 Cummon Attributes and Characteristics 

AJ 1 conceptual design candidates have a number of common attributes; these are 
identified below. 

4.4.1 Design Classification and Applications 

The design tasks address stand-alone photovoltaic power systems in the range 
of 0.25 PL to 16 PU. Application* and uses include village power, pumping 
systems for water storage or irrigation, remotely located range operations, 
cottage industries, navigation aids, etc. 

4.4.2 Environmental Design 

The conceptual designs will satisfy the requirements of para 4.2 preceding. 

4.4.3 Custom System RequlremL:nts 

Designs of BOS elements specifically for arctic site applications (sustained gale 
force winds with snowfall, very low temperature — typically to -30°F, high 
probability oi ice oeposits, etc.) would be handled on an individual, site 
specific design basis. 
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A . 4 . A Basic Electrical Configuration 


The basic configurations will be monopolar with intermediate impedance ground 
reference on neutral leg. The mln/max bus voltage limits will be a nominal 
108 VDC to 162 VDC. 

A . A . 6 System Rating 

One, two, four, eight and sixteen power ui;its (PU) plus 0.25 and 0.5 PU 
incremental ratings below 1 PU (1.28 KW pk) is standard for all concepts. 
Corblnatlons of any of the standards can be assembled. 

A. A. 6 battery Storage 

250 hours nominal carryover of autonomous storage (one battery string p>er power 
unit) has been selected. 

A. A. 7 liodular Expandability 

a) Batteries ; replication of series strings of battery modules. 

b) Battery enclosures; batteries located under the PV array panels; 
dust covers on terminals; expansion under the extended array with 
increasing racing. 

c) Power controller; modularly expandable in one standard cabinet 
configuration up to 8 PU; from 9 PU to 16 PU, continue expansion in 
side-by-side identical enclosure with bridging main buswork; power 
control panel and all central control and decisional circuits do not 
have to be replicated from 8 PU to 16 PU. 

d) Foundations ; on a panel/panel group basis; replicated as required. 

e) PV Panel Structures; replicated as required, 

t) Array field layout: replicated as required. 

g) Field wiring topology; radial topology replicated as required. 

A. 5 Panel Support Structures and Foundations 

(a) Level of factory assembly: prefabricated mechanical parts and 

subassemblies . 

( b) Source of materials; of U.S. origin, some BOS could however be 
procured/manufactured locally. 

(c) Site p r eparation requirements; basically a level site with no major 
protuberances or outcroppings. 

(d) Site soil restrictions; minimal with the post hole and planter 
ballast foundation options. 

(c) Assembly and installation methodology; minimum special or field or 
custom engineering. 

(f) Labor and on-site materials requirements: unskilled labor with 

trained supervisor; earth or rocks for planter ballast. 

Alternative foundation designs are fully compatible with stated functional and 
environmental specifications. Installations have to survive a twenty year 
service life. 
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4. 6 Array Field Layout and Wiring Topology 
A. 6.1 Physical Installation and Layout 
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Once the required foundation approach has been selected, and the system power 
level established, each of the alternatives available for the physical 
Installation should not dl sproportlonally Impact upon the cost and complexity 
of tue balance of the system. For example, all Installations require a clear 
unshaded area with about twelve feet minimum spacing between rows. Seme sort 
of perimeter security Is needed to protect the system, as well as errant 
personnel. The level of protection required Is site specific, but does not 
vary from concept to concept. 

4.6.2 Field Wiring Topology Options 

Our selected options Included the “octopus," daisy-chaining, and tapered 
ampacity busing/ trunking . Common requirements Included twenty year 
survivability, the highest dielectric Integrity, less than 1 percent wiring 
power losses, electrical and environmental protection, and minimum maintenance 
requirements . 

4.6.3 Battery Enclosure or Protection 

Dispersed battery strings Installed on a channel supported deck In the north 
shadow of the array rows Is the recouDended enclosure concept. 

4 . 7 Power Controller Electrical Configuration 

4,7.1 Ge neral 

Ihis major BOS element has the following general attributes: 

(a) Plug-ln printed circuit boards, relays and mother board on power 
control panel. 

(b) R^ady access to control circuits and elements. 

(c) Status indicating LEDS and readily available test points for 
diagnostic purposes. 

(d) Ability to isolate, quick disconnect, and sectlonallze battery 
strings as well as load distribution circuits. 

(e) Fault current trip with contingency back-up. 

(f) Diode blocking of bus current backflow Into faulted PV branches; 
Isolation of batteries. 

(g) BUS lines are fuseo in each battery string; battery fuse box Is an 
isolated NEKA 3R enclosure, physically separated from controller. 

(h) All power control contactors will be the hermatlcally sealed mercury 
displacement typ>e, protected by appropriate power snubbers. 

(1) The output bus will feed a minimum of four prioritized distribution 
circuits or feeders. 

(j) Each output feeder will be controlled by a load management contactor 
and can be disconnected by a manual circuit breaker. 

(k) Deltar S.O.C. sensors will be used to energize the four comparator 
channels on the load management P.C. board. 


A, 8 Energy Storage 

A, 8.1 General Battery Specifications 

(a) Service class and/or battery type: 

(b) Kilowatt Hours Store (approx.): 

(c) Ampere-Hours Stores (approx.): 

(d) Max. Permissible Discharge Depth: 

(e) Number of Cells per String: 

(f) Nominal Battery Bus Voltage: 

A. 8. 2 Notes and Definitions 


ORIGINAL PAGE IS 
OF POOR QUALITY 

Industrial quality Pb-Ca with options 
for tropical or cold weather service. 

30 kWhr per 1 PU pk baseline at 25*^C. 

250 AH to 275 AH 25°C, 8 hour rate. 

15-20 percent daily energy extraction 
limit recoonended for typical 
recurrent usage; limited number of 
deep discharges (to 80 percent) 
permissible . 

60 individual 2 volt nominal cells. 
120 Vdc 0 2 volts per cell, 25°C. 


The following definitions apply: 

o Cell: Lowest Individual power increment; three or more plates per 

cell, for lead acid, nominally 2 volts per cell, 
o Multicell battery module; A building block containing 2 or more cells 
in a factory assembled package; usually called a "module." 
o Battery string; An electrical string of a number of single or modular 
packages hooked up in series for attaining the desired bus voltage, 
o The battery; complete battery subsystem. 

A. 9 Electrical Protection 


A. 9.1 Degree of Sectionalization 

The modular approach adapts very well to functional sectionalization. It 
appears beneficial both to critical load support and to reduction of lifetime 
energy costs to be able to take a faulted portion of the system off-line and 
perform the necessary maintenance, while the balance of systems is still 
generating power. Automatic sectionalization in the event of a malfunction is 
not recommended; for example, it would not be cost effective to provide the 
complex on-line diagnostics to sense an out-of-specification series module 
string and disconr.ect it automatically from the power collection net. In the 
quasi-constant voltage subsystems, the battery and load circuits, fault 
sectionalization is Inherent because of breaker trip and fusing coordination. 

A. 9. 2 Lightning Protection 

Tht several options include a description of proposed lightning rod 
cor figurations; the presently preferred design is an aerial counterpoise and 
simple towers. Deletion in regions of low isokeraunic activity is also a 
reconmended option. No overhead array is required when taller adjacent 
structures exist. 
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4.9.3 Burled Metallic Counterpoise POOS 'JU.'4L!;Y 

The general method of burying a metallic counterpoise in trenches carrying the 
power collection cabling has been adopted as the most cost effective approach; 
1/4" galvanized wire, buried to approximate 22" depth, has been used. The 
configuration of the lightning rods and buried metallic counterpolse(s) are 
somewhat site specific; the same approach was adopted for each of the option 
candidate approaches. 

4.9.4 Voltige Limitation 

Voltage limitation is required to protect the BOS elements against the 
damaging effects of abnormal electrical transients. The Important parameters 
include the type and location of varistors and Joule discharge capabilities. 
Ihesc protective elements remain substantially the same for all conceptual 
design options. Metallic oxide varistors (MOVs) without supplemented gaps are 
used. One shunt RC snubber across each pc'uder unit input is recommended as an 
EMI safeguard. 

4.9.5 Equipotential Bonding 

Separate equipotential bonding straps are recommended only if the mechanical 
metal to-metal contacts are suspect, and in circumstances where physically 
separated array structures have to be interconnected and grounded with an 
acceptably low resistance, preferably not in excess of 30 ohms. 

4.9.6 Ground Fault Relaying (GFR) 

Hughes recommends that the ground fault relay be provided for the array field 
as a whole. GFR sensitivity should be in consonance with the DC-"LET-G0" 
current magnitude per Dalzlel; all branch circuits are to be crowbarred 
simultaneously at the Power Controller Inputs. All options are to be treated 
identically. 

4.9.7 Transverse Mode Fault Relaying 

Principal protective elements are the load circuit breakers, battery fuses, 
undervoltage trip, and blocking diodes in the array circuits. All options are 
handled identically. A transverse mode fault on the load side is required to 
trip the circuit breakers. Service cannot be restored until safe fault-free 
operations are assured. Branch input circuit breakers serve principally as 
safety disconnects; fault trip levels will never be reached except under very 
low probability of simultaneous diode and array shorting faults. 

4.9.8 General Safety 

Other electrocution hazards, protection against the arcing fault, and 
installation security are the same for all options. Essentially all of the 
requirements and attributes of an adequate electrical protection plan, 
beneficial to minimizing lifetime energy costs and essential to twenty year 
system survivability, have been uniformly applied to all options. 
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4.9.9 Codes and Standards 


The NFPA, UL listings and approvals, and NESC, NEC, NFPC, OSHA, NEKA, and ANSI 
codes apply equally to all options. 

4.9.10 Operations and Maintenance 

Field skills required, frequency of maintenance actions, the ratio of 
scheduled to unscheduled maintenance, difference of maintenance action times 
for various BOS elements, and the spread in random failure rates were 
examined. These parameters are considered to be equivalent for all options. 

4.10 Coticeptual Design Candidates 

4.10.1 General 

The generic conceptual designs considered in this study are shown in Figure 
4.10-1. The systems selected are based upon the general guidelines limiting 
the design development to technology readiness by 1982 and to those options 
uncovered in Task 1 which appear to offer the most promise for low cost, and 
possible future reduction in cost, and technology advancements. As shown, a 
number of alternatives exist in wiring topology, foundations, batteries, 
regulation and load management. For areas, such as modular structures, 
electrical protection, site preparation, and security the lowest cost standard 
approach was adopted; and the selection becomes basically "optionless." 
Selection of some of the options are site specific (e.g., foundations options) 
while other selections may be determined by the load profile (e.g., battery 
option or load management option). In any case, it is apparent that the 

options are independent of each other and may be substituted without major 
impact to other options. Thus, the number of combinations of options making 
up the generic modular design concept was very large, and to a major degree 
unmanageable in the original unscreened form. The ultimate program goal was 
to develop and converge on an optimally cost-effective modular configuration. 
It was first necessary to employ engineering judgmental processes and apply 
the results of earlier life cycle costing to reduce the number of options to a 
manageable level. This was done, and a more than sufficient number of 
practical, real system configurations were identified. During the process of 
concept development we looked for special interactions that might in some way 
result in a uniquely superior concept. None was observed; in general, the 
cost and performance benefits (as well as the shortfalls) of the individual 
BOS options extended uniformly to all alternative concepts. 

4.10.2 Design Concepts 

Seven design concepts are characterized in paragraphs 4.10.2 thru 4.10.9 and 
their respective figures. Attributes common to all concepts are as follows. 

On-Line Instrumentation 


On-Line displays will be limited to low power LEDs indicating regulator mode 
ami unsafe or out-of-tolerance operating conditions. The status of the 
prioritized buses will also be shown. Total bldlrect '.onal battery current 
will also be Indicated on a small analog meter. 
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Off-Line Diagnostics 

Maintenance Items include a) an analog multimeter, b) digital multimeter, c) a 
hall current probe, and d) a module maintenance tekt set plus miscellaneous 
tools and fixtures. 

Array Support (Superstructure) 

The Hughes modular frameless panel support is universally deployed In all 
concepts . 

Electrical Protection 


Metallic Oxide Varistors (MOVs) will be used in an equivalent manner 
throughout. All options Include the cost of a Ground Fault Relay (GFR); It 
simultaneously trips all array crowbars In the event of a common mode fault 
between the positive bus and ground. Battery strings will be fused 
individually in both the positive and negative lines. Load faults with trip 
tlie corresponding prioritized circuit breakers. Dlode/RC snubbers will be 
provided on all power contactors; capacitive snubbers will be employed on 
circuit breakers. 

Load Management Circuits 

Deltar sensors will be employed to measure the specific gravity of selected 
cells for the purpose of detenrining battery state-of-charge . Four trip 
levels will be provided at 20 percent, AO percent, 60 percent, and 80 percent 
of battery full charge. These levels correspond to the four sequentially 
prioritized load buses on the output panel which are controlled by the load 
sfiedding and pickup contactors. These features are common to all 
alternatives . 

Power Controller 

Ufiile three charger regulator concepts are employed, the general electrical 
and mechanical configuration remains relatively constant. A single eight 
power unit (8 PU) console has been selected as the standard. Apart from the 
particular regulator circuit evaluated, all power contactors, as required, 
will be of the hermetically sealed mercury displacement type. The heat sinks 
required in the solid state options are considered integral to each conceptual 
approach . 

Site Security 

A standard 5 ft. perimeter fence with access gate would be deployed in all 
o')L Ions . 
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A, 10.2 Design Concept I Sununary (Figure 4.10-2) 


(a) PV modules; Standard 2 ft. x 4 ft. modules, 64 watts pk nominal. 

(b) Panels; Accommodates up to 4 ea. 2 ft. x 4 ft. modules. 

(c) Power; 1.28 kWp (1 PO) nominal with 640 kWp branches. 

(d) Wiring topology; Monopolar, 1.28 KW folded daisy chain. 

(e) Regulation; Untapped shunt regulator with power darllngton switches. 

(f) Structure/Foundation; Hughes modular frameless with planter feet. 

(g) Batteries; 200 Ah Wlsco sized for 1.28 kWp. 

(h) Battery enclosure; Dispersed, 12 cells under each panel. 
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1 ARRAY FIELD COMPLEMENT AND WIRING TOPOLOGY 
' 2 BRANCHES (150 VDC 94^ ADC EACH) WITH FOLDED 

1 

1 ^ 
1 

1 HORIZONTAL DAISY CHAIN OF 10 MODULES 

1 


1 (640 WATTS/BRANCH) 

1 
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ALL PANELS 4* X 8'; EACH PANEL 256 WATTS 

ALL PV MODULES 2' X 4'; EACH MODULE 15 VDC 94 ADC 

4 EACH MODULES PSR PANEL 


H L 

_J 


STRUCTURE FOUNDATION: 


HUGHES MODULAR FRAMELESS 
WITH BALLASTED PLANTER FEET 




r 

L 


BATTERY ENCLOSURE: 
DISPERSED; 15 CELLS 
UNDER EACH PANEL 
STRUCTURE 


FOLDOUT FRAME 
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I 

I 

I 


- Figure 4.10-2 DESIGN CONCEPT l BASELINE IPU PV SYSTEM 
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4.10.3 Design Concept II Summary (Figure 4.10-3) 


(a) PV Modules; 2 ft. x 4 ft. standard nodules, 64 Wpk nominal. 

(b) Panels: ^^commodates up to 4 ea. 2 ft. x 4 ft. modules. 

(c) Power: 1.28 kWp (1 PU) with 640 Wp branches. 

(d) Wiring topology: Monopolar, octopus. Folded horizontal da.’sy-chaln 

with 640 watt peak branches. 

(e) Regulation; 50 percent tapped shunt solid state with Darlington 
switches . 

(f) Foundation : Concrete curb footings. 

(g) Batteries ; C & D QP series, 60 series cells, QP-5-45; strings 

separately fused. 

(h) Battery Enclosures; Central enclosure from native material. 


OF POOR Q’JAUTY. 
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ARRAY FIELD COMPLEMENT AND WIRING TOPOLOGY 


TWO (2) BRANCH CONFIGURATION (160 VDC94^ A EACH) 

WITH DAISY-CHAIN OF 64W MODULES 1640 WATTS/BRANCH) 

[ ALL PANELS 4' Xr. EACH PANEL - 2S6W 
ALL PV MODULES 4 X 2. EACH PV MODULE 15 VDC«4^A (64W) 
4 PV MODULES/PANEL 










I CO 


COMMON POWER CONTROLLER 


1 
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Figure 4,10-3 design concept ii baseline ipu pv system 






A. 10.4 Design Concept III Sumciary (Figure 4.10-A) 


(a) PV Modules; 1 ft. x 4 ft. standard modules, 32 Wp. 

(b) Panels ; Acconjnodates up to 8 ea . 1 ft. x 4 ft. modules. 

(c) Power; 1.18 kWp (1 PL') nominal. 

(d) Wiring Topology; Monopolar each of 5 (series) panels octopus wired 
for 30 volts. 

(c) Regulation; untapped shunt, using Darlington power transistor. 

(f) Structure/ foundation; Hughes modular f raroeless/concrete post 
footings. 

(g) Batteries; 260 AH, C & D 3KCPSA5, 60 series cells; 3 cells per 
brttery module; strings separately fused. 

(h) Battery enclosures; Dispersed, 15 cells under each panel. 
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AWWAY FIELD OOMPLEMEIIT AWD WIWIMO TOfOLOGY 

ONE (1 ) IIIANCH OONPKKIIIATION (180 VDC • 8^ A) 

WTTH 8 INVIDIVUAL SERIES PANELS; EACH MODULE GROUP 
ON EACH PANEL OCTOPUS WIRED AND TERMINATED IN 
SOX ON UNDERSIDE. 

A FACTORY MANUFACTURED HARNESS IS DEPICTED. 

r ALL PANELS 4' X r. EACH PANEL 260W, 30 VOLTS 
ALL PV MODULES 4' X V. EACH MODULE 18 VDC • 213A (32W) 
8 PV MODULES/PANEL 
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STPUCTURE/FOUNDATION 




BATTERY ENCLOSURE 


DISPERSED: 4, 3 CELL PACKAGES 
UNDER EACH PANEL STRUCTURE 
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A. 10.5 Design Concept IV Summary (Figure A. 10-5) 

(a) PV Modules; 1 ft. x A ft. standard modules, 32 Wpk nominal 

(b) Panels : Accommodates up to 8 ea. 1 ft. x A ft. modules. 

(c) Power; 1.28 (1 PU) kWp. 

(d) Wiring Topology; Konopolar each of 5 (series) panels 
octopus wired for 30 volts. 

(e) Regulation; Untapped shunt, using darlington power switch. 

(f) Structure/ foundation; Hughes modular frameless concrete post footings, 
(p) Batteries ; Basic module; Delco 2000, 12 volt, 100 AH (6 series cells) 

battery; 2 in parallel for each of 10 series blocks for a total of 20 
batteries. 120 ea. 2 volt cells; strings separately fused. 

(h) Battery enclosures; Dispersed, 2 ea. - 10 cell modules under each panel. 


ORIGiMAL PAGE 13 

OF POOR QUALITY 


A-17 



ARWAY FIELD COMPLEMENT AND WIRING TOPOLOGY 


ONE m BRANCH CONFIGURATION (150 V0C«8^ A) 

WITH B INDIVIDUAL SERIES PANELS; EACH MODULE GROUP 
ON EACH PANEL OCTOPUS WIRED AND TERMINATED IN 
-r BOX ON UNDERSIDE. 

A FACTORY MANUFACTURED HARNESS IS DEPICTED. 

[ ALL PANELS4' X S'. EACH PANEL 266W. 

ALL PV MODULES 4' X 1'. EACH MODULE 1b VDCW213A P3W) 
8 PV MODULES/PANEL 


STRUCTURE/FOUNDATION 




RTTRL WHITE CROUD 
(OVER TOKYO) 


U“ 


BATTERY ENCLOSURE 

DISPERSED: 4 EACH. 6 CELL PACKAGES 
UNDER EACH PANEL STRUCTURE 
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Figure 4.10-5 DESIGN CONCEPT IV BASELINE IPU PV SYSTEM 
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A. 10.6 Design Concept V Summary (Figure 4.10-6) 

(a) PV modules; 2 ft. x 4 ft, standard modules, 64 Wp. 

(b) Panels: Accommodates up to 4 ea. 1 ft. x 4 ft. modules. 

(c) Power: 1.28 (1 PU) kWp. 

(d) Wiring topology: Monopolar, horizontal folded daisy-chain, with split 

branches and voltage tap. 

(e) Regulation: Hughes tri-state control. 

(f) Structure/Foundation: Hughes modular frameless/concrete post footings. 

(g) Batteries : Basic Module: Delco 2000, 12 volts, 100 AH battery, (6) 

series 2 volt cells per unitized battery, two 2000 series batteries in 
parallel for each of 10 series blocks; 20 batteries total (120 ea, 2 
volt cells). 

(h) Battery Enclosures: Dispersed, 4 each 6 cell batteries under each panel. 
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ARRAY FIELD COMPLEMENT AND WIRING TOFOLOGY 

FOUR W BRANCH CONFIGURATION <160 V DC AT 2.13A EACH) 

WITH 6 EACH 16 VOLT PV MODULES, DAISY CHAIN WITH FOLDBACK 
12B0 WATTS TOTAL. 320 WATTS/BRANCH. 

ALL PANELS 4* * V. EACH PANEL 26BW. 

ALL PV MODULES 4x2. EACH PV MODULE 16 V DC AT 2.13A (32W) 
6 PV MODULES/PANEL 
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STRUCTUREyFOUNDATION: 

HUGHES FRAMELESS WITH CONCRETE POST FOOTINGS 



BATTERY ENCLOSURE: 

DISPERSED. THE TOTAL OF 20 BATTERY 
MODULES ARE LOCATED 4 EACH UNDER 
EACH PANEL 
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4.10.7 Design Concept VI Summary (Figure 4,10-7) 

(a) PV Modules; 2 ft. x 4 ft. standard modules, 64 Kp. 

(b) Panels: Accommodates up to 4 ea. 2 ft. x 4 ft. modules. 

(c) Power: 1.28 (1 PU) kWp. - (1 PU). 

(d) Wiring Topology: 2 branch configuration; each branch consists of 10 

modules In series to form a folded daisy chain generating 150 VDC 

4.26 ADC 

(e) Regulation: hultllevel series control using hermetic mercury 

displacement relays; each of two branches dedicated to a control channel. 

(f) Structure /foundation: Hughes modular frameless/concrete post footings. 

(g) Batteries : 260 AH, C & D 3KCPSA-5, 60 series cells; or 20 battery modules 

one string separately fused. 

(h) Battery enclosures: Dispersed, 5 battery modules under each panel. 
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4.10.8 Design Concept VII Summary (Figure 4.10-8) 


(a) PV modules; 1.0 ft. x 4 ft. standard module, 51 Wp. 

(b) Panels; Accommodates up to 5 ea. 1.6 ft, x 4 ft. modules. 

(c) Power; .512 kWp (150 VDC C« 3.4 ADC) 

(d) Wiring topology; Each of two panels vertical series daiey-chaln of 
5 1.6 it. X 4 ft. modules, two panels @ 75 Vdc each serpentined to 
give 512 Wp (1/2 PU). 

(c) Regulation; 50 percent Tapped Shunt regulator using power darllngton 
transl . 

(f) Structure/ foundation; Hughes modular frameless/ballasted planter feet, 

(g) Batteries; Basic Module; Delco 2000, 12 volt, 100 AH battery, each 6 
series 2 volt cells; Battery; 10 Delco 2000 battery modules in series 
(60 ea 2 volt cells) for 120 VDC/100 AH.; each string separately fused. 

(h) Battery enclosures; Dispersed, 15 batteries under each panel. 
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ARRAY FIELD OOMPLEMEMT AND WIRING TOPOLOGY 

ONE (1) BRANCH CONFIGURATION (160 V DC AT 3.4A) 

WITH 2 INDIVIDUAL SERIES PANELS; EACH MODULE 
GROUP ON EACH PANEL ARE SERIES CONNECTED. 

MODULAR ARRAY OUTPUT - 610 WATTS 

ALL PANELS 4* x r. EACH PANEL 266W. 

ALL PV MODULES 1 J*. EACH PV MODULE 15 V DC AT 3.4A) 
PV MODULES/PANEL 





STRUCTURES/FOUNDATIONS: HUGHES MODULAR 
FRAMELESS ON BALLASTED PLANTER FOOTING 
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Figure 4,10-8 DESIGN CONCEPT VII 1/2 PU BASELINE PV SYSTEM 




A. 1 1 Summary of Characteristics 


page iS 


The characteristics of each of the seven (7) alternative conceptual designs are 
sumnarized in Table A.12~l following. 

4.12 Hughes Recommendations for Three Preliminary Design Candidates 

4.12.1 Surviving Candidates 

Based upon the economic and technical evaluation, Hughes recommended at the 
Preliminary Design Review meeting three design approaches (of the original 
seven) that merit further development. Table 4.13-1 following tabulates these 
reconnendatlons ; the paragraphs following sunnarlze the selection rationale. 

4.13 Rationale for Final Selection and LCC Determination 


4.13.1 Electrical/Array Wiring Configurations 

4.13.1.1 System Concepts V & VI of Table 4.13-1 

The electrical design concepts of the folded horizontal daisy chain were 
selected because of array wiring simplicity and branch circuit orientation. 
The horizontally interconnected branch circuits minimize shading losses in the 
larger systems (as compared to the octopus or vertical serpentining) when 
multiple rows of modules are used. The folded horizontal daisy chain, when 
interconnected with SOLARLOKS, also precludes the need for remote J-boxes. 
This low-cost concept was also the only configuration which used multiple 
branch circuits to modularly build up the array module power level. This 
feature was compatible for application with the tri-state regulator, the 
tapped shunt regulator, and particularly the Hughes multilevel series control. 
This concept is equally applicable to the 1/4 PU (320 WP) and the 1/2 PU (640 
WP) ratings. Fewer panel supports would be used in these fractional ratings, 
and the modules would be wired in serpentine similar to Concept VII. 

4.13.1.2 System Concept VII of Table 4.13-1 

✓ 

The 512 watt array module concept depicted by electrical design concept No. 
VI 1 was recommend as this concept represented the smallest array module power 
Increment available. It could be cost effective in meeting fractional power 
requirements down to 1/2 PD. This concept advantageously used the serpentine 
daisy chain configuration to minimize array wiring and installation costs. It 
was also compatible with the tapped shunt regulator, since 15 volt Increments 
were available for optimum tap selection. 

4.13.2 Batteries 

The Delco 2000 and the C & D 3KCPSA batteries were selected for three system 
concepts listed in Table 4.12-1, thereby eliminating Wlsco and the Deep 
Discharge QP C & D batteries. The Wlsco charge retaining battery was rejected 
primarily because of the uncertainty in load profiles to which a general 
purpose stand-alone PV system might be subjected. While the Wisco battery is 
an excellent choice for applications with a near constant load demand, the 
battery must be substantially derated to satisfy higher discharge rates that, 
in turn, are needed to satisfy other applications. 
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Table A. 12-1. Comparison of Modular PV System Concepts 

System Concepts 



1 11 

III 

IV 

V 

VI 

WIRING TOPOLOGY 






1.2 KW Horizontal Daisy 

X 

X 


X 

X 

1.2 KW 30 V Octopus 

X 


X 



.5 KW 75 V Daisy 






REGULATOR/CONTROLS 






Shunt 

X X 





lapped 


X 

X 



Tri State 




X 


Series Eli Multilevel 





X 

INSTRUMENTATION AND 

Standard for 

All 

Concepts 



DIAGNOSTICS 






ELECTRICAL PROTECTION 

Standard for 

All 

Concepts 



STRUCTURE/FOGNDATION 






Planter 

X 




X 

Curb 

X 





Cement Footing 


X 

X 

X 

X 

Rock Mount 






SITE PREPARATION AND SECURITY 

Standard 

1 for 

‘ All Concepts 


BATTERIES 






500 AH WISCO 

X 





CAD QP Series 

X 





Delco 2000 



X 

X 


CAD 3KCPSA-5 


X 



X 

BATTERY ENCLOSURE 






Dispersed 

X 

X 

X 

X 

X 

Tropical Prefab Central 






Dry Wall Slab Central 






Native Mat Central 

X 





LOAD MANAGEMENT Standard for all concepts 




VII 


X 


X 


X 


X 


X 
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Table 4.13-1. Re conm ended Conceptual Designs 
PHOTOVOLTAIC STAND-ALONE MODULAR SYSTEMS: 
Three Conceptual Design Reconoendatlons 


SUBSYSIEM DESIGN CONCEPT 

V VI 

Wiring 

1.2 kW Daisy X X 

0.5 kW-75 V Daisy 

Regular lon/Control 

Trl-State X 

Tapped Shunt 

Series Multilevel X 

Batteries 
Del CO 2000 


C&D (3KPSA-5) X X 

battery Enclosure 

Dispersed X X 

Instrumentation & BASIC BASIC 

Diagnostics 

Electrical Protection BASIC BASIC 

Site Prep & Security BASIC BASIC 

Structures 

Ballasted Planter X 

Post Hole X 

Load Management BASIC BASIC 


OF POOR QUALITY 


VII 

X 

X 

X 

X 

BASIC 

BASIC 

BASIC 

X 

BASIC 
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The C & D Deep Discharge QP series photovoltaic system battery was rejected 
because of high cost. This battery, designed for dally deep discharges, can 
represent an overdesign for many stand-alone photovoltaic systems. It, or 
equivalent electromotive batteries, «rould, however, be essential If 80 percent 
discharge were required on a dally basis. 

The Delco 2000 battery was recommended for use with System VII. Ten of these 
batteries made up a battery module of nominally 100 AH at 120 volts. At the I 
FD (] KW pk) level, each of the 10 series blocks consisted of two paralleled 
Delco 2000s, yielding a basic 200 AH module. This configuration represented a 
reasonable increment for satisfying the modular concept of battery storage. 
This buttery offered the minimum Initial acquisition costs and life of 
approximately three years. Depending upon site location, the overall life 
cycle cost of this battery appeared to be higher than the longer life C & D 
battery. The C & D battery 3 KCPSA-5 was recommended for system concepts V 
and VI. Twenty of these 6 volt batteries represented a battery module 
exhibiting approximately 260 AH of storage. This "shallow discharge" battery 
appeared to have the required properties to satisfy stand-alone service and 
excellent service life, estimated to be at least seven years when protected 
against overcharging and related stresses. This battery offered the lowest 
life cylce cost. 

4.13.3 Re gula tors /Controls 

The three surviving approaches recommended were the tapped array shunt 
regulator, the Hughes Trlstate controls, and the multilevel LM series 
controls. The manufacturing costs of the three designs were comparable, with 
the tapped regulator slightly favored. The electrical interface of the tri- 
state control with the array module was slightly more complex due to the 
requirement for the series tap and parallel division. The Hughes multilevel 
control required only that the parallel branch circuits be appropriately 
partitioned at the array inputs. Compensation circuits on either regulator 
were required to adjust the battery float voltage for ambient temperature. 
Incremental or multi-state control was clearly favored for improved battery 
longevity. 

4.13.4 Battery Enclosure 

Dispersed battery enclosures were used in concert with the post hole footings 
or the ballasted planter to utilize the battery weight as array ballast and to 
use the shade of panels to help cool the batteries. An additional benefit 
derived by dispersing the batteries under the panels was using the steel 
battery rails as alignment fixtures to hold the panel support stanchions 
during the post hole filling or the planter alignment operation. 

4.13.5 Instrumentation and Diagnostics 

Each of the recommended conceptual options was based upon minimal built-in, or 
online, Instrumentation. Go/No Go status indicators and a bipolar (zero 
centered) DC ammeter are recommended for incuslon in the final design. 
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A. 13.6 Electrical Protection 


All of the options provided means for protecting personnel against accidental 
contact between exposed array "hot" and ground and back to neutral or (-). A 
10 kllohms power resistor tying system neutrrl to ground at a single central 
point Is Included. This system limits the conmon mode current flow through 
errant personnel to about 15m ADC at maximum array voltage. This value Is 
below the worst case Dalzlel "Let-Go" current level. As a safety backup, 
however, an active ground fault relaying circuit. Initiating total array 
crowbarring, was also Incorporated. Circuit costs were uniformly applied to 
all system options. 

Potentially damaging overcurrent as the result of load faults Is first 
interdicted by the load circuit breakers. The HVDC battery fuses provide 
contingent and coordinated fault trip. The costs of these protective sensing 
and relaying circuits were included In all options. The expected reduced 
down-time, reduced subsystem damage and perforce lower life cycle costs were 
Indeterminate and therefore were not factored Into the LCC determinations. 

A. 13.8 S true tures/Foundat Ions 

The post hole footing was chosen as one of the two foundation concepts that 
best satisfied the requirements of this study. An equally favored concept was 
the ballasted planter. Digging the post holes was considered a universal 
skill, and therefore, amenable to the use of Indigenous labor. It was felt 
that, in areas where concrete Is not obtainable, the post hole could be dug 
deeper, the stanchion made longer with a pad attached to Its bottom, and the 
hole filled with local dirt or rocks and followed by tamping. 

During the conceptual design phase, structures using the Hughes ballasted 
planter footing designs were built and Installed at NWC China Lake as part of 
FPUP contract. This concept was advanced during Task I; at that time It did 
not look too attractive, principally because of the higher estimated factory 
labor and material content. As it turned out. the ease and Installation 
simplicity of these designs far exceeded expectations; the planter concept was 
subsequently Included as a final design option. 

A. 13. 7 Site Preparation and Security 

Site preparation requirements were minimum with the post hole footing and the 
ballasted planter. Preparation consisted primarily of shrub and bush removal, 
and, as necessary, minor excavation to prevent potential panel interference. 
The security fencing included In the LCC cost estimates was minimal, 
consisting of a five foot galvanized farm fence. 

A. lA Life Cycle Cost (LCC) for Conceptual Designs 

Life cycles cost estimates on the seven Initial conceptual design options 
Including the rationale, guidelines, and essumptlons relevant to these 
analyses were developed. An existing LCC computer program named FLEX was 
developed by Hughes for use on other government projects. Routines and 
equations of this program were used (some slightly modified) to develop the 
LCC data base and sunmarles for each of the conceptual designs, preliminary 
designs, and the final design. 
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4.1A.1 Description of Reports 


For each of the ten conceptual designs under Investigation, three Inflated and 
discounted (cost of money) life cycle cost reports were generated 


Report No. 

1.0 

2.0 

3.0 


Description 


Cost Breakdown Structure 
Cost Breakdown Structure 
Cost Breakdown Structure 


4.1A.2 Guidelines and Assumptions 


Output Units 

1981 $ Percentage of total 
1981 $ Dollars per watt 
1981 $ per year (twenty years) 


To ensure accurate and uniform costing comparisons among the ten systems, 
guidelines and assumptions used are enumerated below. 


(a) General 

1. All manufacturing drawings are complete - no additional design 
engineering required. 

2. Freproduction proof of design models have been built and 
verified; systems are ready for production. 

3. The manufacturing facility is a factory dedicated to the 
production of photovoltaic power systems. 

A. System is designed to survive at least twenty years. 

5. There are no market distribution costs; systems are sold direct 
to the user. 

(b) System Size Differences 


The system under consideration fell into two different power ratings: 0.512 
kWp and 1.280 kWp. 

To lessen the cost effects due to these size differences, the 0.512 kWp system 
was costed by combining two 0.512 kWp array modules to form a 1.02A kWp 
system. Because slight size difference remained between the two categories, 
subsystem components were sized individually for each category whenever 
possible. Some subsystems occurred in one size only and, consequently, the 
higher rated systems were favored. These subsystems are: 

(1) Power controller. 

(2) Electrical protection and safety. 

(3) Operation and maintenance. 

(c) Life Cycle Costs (LCC) of Energy ORIGINAL PAGit 53 
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The economic factors used to perform life cycle costs are listed below: 


Annual System Operating Lifetime - 

Annual Rate of General Inflation - 

Annual Escalation Rate for Capital Costs - 

Annual Escalation Rate for O&h Costs - 

Base Year for Constant Dollars - 

Annual Cost of Capital - 

First Year of Commercial Operation - 

(d) Labor and Material Costing Criteria 


twenty years^ 
12 percent 
12 percent 

12 percent 
1981 

13 percent 
1981 


The above labor prices Include labor base rates, overhead, G & A and a nominal 
profit of 10 percent. Material mark-up Item (1) Included G & A plus profit; 
(2) Included material burden, G & A, and profit* 


(e) Manufacturing Volume 

For purposes of establishing optimum low LCC designs, an annual hardware 
production rate to satisfy a peak DC output of IMW/year was assumed. 


(f) Inflation and Discount Factors 


The analyses reflected escalated (Inflated) and discounted dollars and were 
generated from the following equation: 


Cost 


"n*l 


+ Ir 


1 + d. 


)■ 


X(C„) 


Where: 1 ■ Inflation rate ■ 12Z 

n 

d ■ discount rate > 13Z 
n 

n ■ year Indicator 

y ■ number of years In the life cycle ■ 20 years 
C„> cost element In 1981 dollars 
Cost > total life cycle cost In Inflated and discounted dollars 


(g) Ground Fault Protection 

Depending on site specific conditions ground fault protection Is an option 
that need not be Included In stand-alone PV power systems. Accessibility by 
unauthorized persons, physical security and protection, and other conditions 
unique to the local environment determine the necessity for this protection. 
When Implemented into the system, the protection Is estimated to cost about 
$60Cf. 00 and is constant for all concept designs Investigated. 

(h) Load Management 
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Costs of load management were not included In the conceptual designs as the 
design of the load management subsystem was insufficiently developed at this 
stage of the study. Because this subsystem was common to all concepts, its 
omission did not Impact evaluation of the various system concepts with regard 
to comparative cost effectiveness. It was costed during Implementation of 
preliminary design phase. 

A. 1 A. 3 Summary 

Table A. 14-1 lists the total life cycle costs (dollars) and the specific life 
cycle costs per installed watt (dollars per watt) for each of the alternative 
conceptual system designs. The recommended configurations were V (tri-state 
regulator), VI (Series multilevel), and VII (tapped BJT Shunt). All three of 
the specific life cycle costs were dispersed less than 5 percent from the 
average; concept VI exhibited the lowest cost, but not to a significant 
degree. Systems jV and VI employ the regulators designs of the quasi- 
proportunal or Incremental type. Either of these features should result in 
h.ittery service lifetime as well as reduction of stress on the control 
switching devices. 

In the absence of long term relevant test data, no attempt was made to 
quantify this expected battery-life Improvement and subsequent LCC savings. 
These savings could be significant as storage is by far the laigest 
contributor to the BOS costs for the systems. In each case, considered 
storage costs represented about 64 percent of the total system cost. It was 
also concluded that reductions in system hardware requirements through 
applications of load management and acceptance of a specified load loss risk 
would result in signii Icantly lowei system initial acquisition costs and LCC. 

Systems that used the lower cost, shorter life, Delco battery exhibited 
significantly lower initial acquisition costs that might be important for many 
users. The overall life cycle costs, however, were not significantly 
different from those systemis using the longer life C&D battery. 

Tables 4.14-2 and 4.14-3 provide summary costs of BOS elements for each 
concept. Tables 4.14.2A, 4.14.2B and 4.14.2C are copies of the Cost Breakdown 
Structure computer tabs for one system concept, tilted R-1. Computerized Cost 
Breakdown Structures were generated for all system concepts. A sumrary of the 
LCC for each system is shown in Table 4.14-1. 


Table 4.14-1 System Life cycle Costing Sumnary 


1 

1 

1 

SYSTEf. 

1 LIFE 

CYCLE 

COST 

1 

1 

1 TOTAL 

1 

$/WATT 

1 

1 

1 

KRl) 

1 $33,503 

1 

1 

$26.02 

1 

1 

1 

11 

1 37,077 

1 

28.98 

1 

1 

111 

1 75,501 

1 

58.99 

1 

1 

IV 

1 35,434 

1 

27.71 

1 

1 

1 

1 28,526 

1 

27.85 

1 

1 

VI 

1 33,497 

1 

26. 17 

1 

1 

1 

Vll 

1 35,806 

1 

1 

27.98 

1 

1 
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5.0 Preliminary Design of Stand-Alone Modular Systems 

5.1 Overview 
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Preliminary design was then effected on each of the three approved conceptual 
designs, Concept V, VI, and Vll. Cooerclally available components were 
Identified by model number. Preliminary designs were i>erformed on hardware 
not coninerclally available, principally the electronic circuits and structural 
elements and str*:r>tures . Each preliminary design was examined for 
maintainability. rlans and tests for demonstrating accomplishment of 
performance objectives were also developed. The economic assessments were 
also refined. 

Further analysis of the three charger regulator options was accomplished; 
critical circuits were breadboarded and evaluated, and configurations were 
established. Including provisional parts lists. 

The other BOS elements that were subject to further design definition and 
refinement Included array field wiring topology, electrical Interfacing and 
Interconnection, foundations, field layout and Installation, battery 
environmental protection, and the overall power conditioning subsystem. 

The modular expandability of the PV Array Field, the structures, and the 
batteries were found to be straightforward. The 1.2 kWp (1 PU) baseline array 
could be readily reduced in power by 50 percent (to 1/2 PU) by deleting one of 
the two ten-serles-strlngs of 2 ft. x A ft. modules. Further reduction to 1/4 
PU (320 watts pk), could be accomplished by substituting 1 foot x 4 foot 
modules (32 watts pk). Battery energy storage expansion by replication of the 
basic 20 module 3KCPSAr.5 packages or the 20 series/parallel Delco 2000 for 
essentially ratings and site specific factors. 

Additional analysis was done on the load management circuits. Including the 
I£LTAR Probes. The output load bus was prioritized In four discrete outputs, 
corresponding to a 80 percent, 60 percent, 40 percent, and 20 percent battery 
state-of-charge respectively. Each of DELTAR probes were dedicated to each to 
each of these transition points. The trip signal produced by the Indicator 
ball sinking resulted in the opening of the prioritized load bus contactor. 
The preliminary design of the load management function was considered complete 
with the requisite Incorporation Into the overall control scheme. 

5.2 Analytical Findings 

In review, each of the three recommended conceptual designs appeared to offer 
individually a unique combination of superior attributes; also, in each case, 
the selected BOS elements integrated well Into the overall system. 

The pivotal elements of Concept V were the 1.2 kWp (1 PU) Daisy, the Trl-State 
Control and the C 4 D 3KPSA-5 Battery. Battery charging stress could be 
expected to be minimal; the trl-state regulator was modestly penalized as the 
result of additional complexity. 

Concept VII could well be the favored configuration for fractional power unit 
ratings: the 1.6 ft. x 4 ft. (51 Wp) module is not the most popular Industry 
configuration, and future procurement problems might be foreseen. The tapped 
shunt solid-state regulator, while straightforward, was a leas favored choice 
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by virtue of more critical heat rejection requirements, increased battery 
cViarging stress, and less-than-optlmal electrical safety isolation. Some 
residual uncertainty also existed regarding the ultimate cycle survivability 
of the Delco 2000 battery. 

On balance. Concept VII, maintained the superior characteristics demonstrated 
by the other candidate., without exhibiting significant weaknesses. The 
Hughes multilevel charg<‘T is a reliable minimum charging stress design, 
expandable without circuit .sign modifications. It is likewise adaptable to 
fractional power unit ra' ^gs. The basic folded horizontal daisy in either 
the 320 Wp or the 640 Wp •figuration is very easy to install and maintain, 
and it is modularly expandable to the ultimate degree. The judiciousness of 
selecting the C & D battery has likewise been well established. 

5. 3 Prellmlna:~y Design Review of Systems V, VI, and VII 

The three recommended pr-^llmlnary designs Concepts V, VI, and VII are 
described in the corresponding detailed system block diagrams. Figure 5.3-1 
to Fig.5,3-G, repsectively . The alternative BOS elements previously 
characterized are Identified on each drawing. Interfaces are more fully 
defined, and baseline voltage and power levels are given. 

Levellzed lifetime bus bar energy costs of each system were developed under 
Task ITT of the project and reviewed during the PDR. This data are summarized 
under Pa) a. 5.5. 

5. 4 Results of the Preliminary Design Review 

5.4.1 Backg’. ound 

The Preliminary Design Review (PDR) meeting was held at NASA LeRC on November 
28, 1961. As the result of that meeting, and the detailed technical 
evaluations by the NASA staff. Preliminary Design Concept VI was selected as 
that functional configuration most worthy of final design. This design 
features 2 ft. x 4 ft. modules daisy chained into 640 Wp array branches; the 
Hughes frameless structure with ballasted planter footings; the multilevel 
OFF-ON series control; and C&D KCPSA-5 multiple cell battery packages, 
installed under the array panels. In the several paragraphs following, a 
number of conclusions are given regarding the characteristics and the merit of 
the selected final design, both as an Integrated system and from an individual 
BOS element viewpoint. 

5.4.2 Array Structures and Foundations 

The modular frameless panel is a straightforward design, economical tc 
manufacture, and adaptable to various module widths and lengths. Field 
experience has shown that few (if any) installation problems are encountered. 

The ballasted planter approach essentially frees the photovoltaic system 
installer from terrain peculiarities and variabilities. The method Is readily 
Inst.allable on virtually any terrain and soli type, except steeply sloped 
monolithic rock, requiring anchorbolts or their equivalent. 
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ARRAY STRUCTURE GROUNDING TIES 


EACH 640 WATT BRANCH OC TTNO STRINGS IN PARALLEL 
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CHAIN CONFIGURATION 

40 EACH 1 FT X 4 FT MODULES ARE USED IN A BASELINE 
1 PU (1.28 KWP) ARRAY FIELD MODULES ARE RATED 15 V DC 
AT 2.13 A DC (32 WP) 

EACH 4 FT X 8 FT PANEL HOJSES 8 EACH 1 FT x 4 FT MODULES 
AND GENERATES 256 WP. FT IS NOT AN ELECTRICAL ENTITY. 


INTERCONNECTIVE CABLE RUN LENGTHS BECOME SIGNIFICANT 
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5.4.3 Array Field Wiring and InterconnectB 

The folded daisy chain nodule/panel wiring configuration provides excellent 
modular sectlonallzatlon down to 640 wp (1/2 FV) Incorporating 2 ft x 4 ft 
modules, and down to 320 Wp (1/4 PU) Incorporating 1 ft x 4 ft modules. A 
synnetrlcal 2 PU array field, with a center/rear based power controller 
requires essentially no system wiring because all power collection and 
circuits terminate on the array center within abour a two foot radius. Both 
extended and multiple row layouts also minimize run lengths and PV power 
losses as compared with other wiring methods. Both the Solarlok and th>> 
Supercon connection systems are rugged and reliable, well suited for 
photovoltaic applications. 

5.4.4 Power Conditioning and Control 

The series multilevel control was the final preferred method. All the final 
charge control concepts are excellent circuits. The tapped and untapped shunt 
Darlington switch regulators are straightforward and dependable; heat 
rejection requirements are more critical, and the multiplicity of heat sink 
assemblies required for the higher ratings cause some expandability problems. 
Both the Hughes tristate and multilevel controls minimize battery thermal 
stress and perforce and should extend battery life. The tristate controls are 
modestly penalized for reasons of undue complexity. The series control 
methods are optimally suited for these higher voltage systems. Using 
contactors as series pass elements is favored over static switches because of 
virtually zero heat rejection requirements and outstanding dielectric 
isolation. The use of the hermetically sealed mercury displacement relay, 
with snubbers, should ensure that the specified twenty year service life goal 
can be met. 

5.4.5 Battery Storage 

Over the span of this program, the position of the industrial quality lead 
calcium cell remained virtually unassailable by virtue of Its suitability for 
unattended, extended service life photovoltaic applications. The two 
surviving contenders, the C&D 3KCPSA-5 and the Delco 2000, are both excellent 
and compatible quality devices. The Delco device provided a cost-effective 
solution that rated high on modular expandlblllty. Its final rejection 
involved to a large degree the absence of substantive service life data (or 
projections) rather than the existence of major adverse-findings. The mean 
charge/discharge cycles to failure (MCBF) were unable to be vallldated, thus 
forcing the use of a conservative estimated life figure. This value Increased 
both the frequency of replacement over the twenty year life cycle and the life 
cycle costs. In distinction, the C&D cells were quite well documented from 
the life cycle survivability viewpoint. 

A variety of protective battery enclosures was investigated for suitability 
for all environments except arctic applications. The dispersed, array 
shielded (with appropriate dust covers) Installations offer environmental 
protection nearly equivalent to that of a prefabricated shed or a native 
materials enclosure. Even for arctic conditions, limited alternatives exist. 
For example, the electrolyte would not be permitted to drop below a specific 
gravity of 1210; this would protect the cell to about -20°F, but would 
drastically limit available AH capacity. Alternatively, the enclosure could 
be heated to maintain the cells above 32^F. Either solution is undesirable 
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from an energy dissipation and cost viewpoint. The first alternative does 
not, of course, require a complex enclosure, only a significantly oversized 
battery. The second solution requires a somewhat costly, well-insulated 
heated structure with the attendant capital expenditures. 

5.4.5 Electrical Protection 

All proposed alternatives should employ the indicated Interstructure bonding 
as well as a metallic counterpoise. The use of KOVs is recomnended for 
protection against transients at the interfaces; power snubbers are considered 
essential for all DC switching devices. Ground fault crowbaring Is Included 
on all concepts. The selected concept does not dlsproportlonally increase the 
costs or complexity of electrical protection; In fact, additional safeguards 
are provided by the intrinsically fall-safe characteristics of the normally 
open series contactors. 

5.4.6 Load Management (LM) 

These functions are common to all alternatives; the selected power control 
system configuration Is fully compatible with LM circuit requirements. 
Preliminary designs and circuit configurations were yet under development at 
the time of the preliminary design review, only the operational features were 
available for presentation? 

5.4.7 Operations and Maintenance 

In distincitlon to shunt systems, the proposed series control provides 
automatic sectlonalizatlon when de-energlzed. Operating safety should be 
improved and fault diagnosis may be materially aided. Figure 5. 4. 7-1 depicts 
a generalized maintenance scenario. 

5.5 Preliminary Designs Life Cycle Costs (LCC) 

The procedures for generating the LCC for the stand-alone systems recomsended 
for further analyses and preliminary designswere the same as those used for 
the conceptual designs. 

Cost details were developed from various source data (e.g., vendors, 
contractors, etc.) based on the following: 

A. BOS Elements Under Consideration 

1. Structures and Foundations. 

2. Site Preparation, Installation. 

3. Array and Power Wiring. 

4. Power Controller. 

5. Batteries. 

6. Electrical Protection and Safety. 

7. Perimeter Security. 

8. 0 & M. 

9. Transportation. 
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B. General Assuaptlons 

1. All design effort complete. 

2. Preproduction Proof-of Design system has been verified as ready 
for production. 

3. The system will be manufactured In a factory dedicated to 
production of photovoltaic power systems. 

k. The annual production capacity of the factory Is one megawatt 
(based on a 2 ft. by 4 ft. module rate at 64 watts at standard 
operating conditions). 

3. System Life Is twenty years. 

6. There are not market distribution costs; systems are sold direct 
to user. 

7. Burdened labor rates are: 


Factory 

Field Labor 
Supervisory 
Skilled 

Forelgn/Unskllled 

8. Material Mark-ups are: 

Processed at factory 

(Mat'l burden -f G&A & Fee) 
Shipped direct from vendor 
to site (G&A & Fee) 

C. LCC Factors 

Rates of General Inflation: 
Escalation rate of capital costs: 
Escalation rate of O&M costs: 

Cost of capital: 

Base year for constant dollars 
First year of conmerclal production 


$18.30 per hour 


$33.00 per hour 
$28.00 per hour 
$ 3.00 per hour 


30 percent 
20 percent 


12 percent 
12 percent 

12 percent 

13 percent 
1981 

1981 


Cost details of each of the BOS follows. Costs were determined by obtaining 
quotations for each of the BOS from one or more vendors. Costs quoted were 
based upon quantities of materials needed for one megawatt of annual 
production. BOS element costs are given In terms of dollars per square meter 
of photovoltaic array for each of the preliminary designs. These summaries 
are shown In Tables 3.3-1, 3.3-2, and 3.3-3 for power levels of one kilowatt, 
four kilowatts and sixteen kilowatts, respectively. 


1. Structures and Foundations - 

Structures to support the PV panels are fabricated at the factory at 
standard factory labor costs. PV modules, assembled at the factory 
into panels, require one third of a man-hour per panel. 

Foundation materials consisted of channels, tubs, frames and 
stanchions. As may be required for a given system, local labor was 
used to dig. Install stanchions and refill. 
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Table 5.5-1. 

Life Cycle Costa ORIGINAL PAGE 13 

Preliminary Designs OF POOR QUALITY 

1-KW 


$/M^ 


BOS ELEMENT 

V 

VI 

VII 

Array Structure & Foundations 

30.20 

28.81 

28.81 

Site Preparatlon/lnstallatlon 

11.26 

10.46 

10.46 

Array 6 Power Wiring 

17.84 

13.80 

13.80 

* 

Power Controller 

82.03 

72.07 

65.64 

Battery Subsystem 

1092.68 

1252.13 

1352.13 

Electrical Protection & Safety 

14.31 

11.45 

11.45 

Perimeter Security 

137.49 

137.49 

137.49 

Operations and Maintenance 

688.99 

535.19 

535.19 

Transporatlon (except Batteries) 

42.25 

33.80 

% 

33.80 

TOTALS 

2156.43 

2195.20 

2188.77 


2 

* Note: $/M refer to PV array area 

* Does not include costs for load management; clrcuite undefined. 
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Preliminary Dealgna 
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2 

$/M^ 


BOS ELEMENT 

V 

VI 

Vll 

Array Structure & Foundations 

29.90 

29.20 

29.20 

Site Preparatlon/lnstallatlon 

10.63 

10.27 

10.27 

Array & Power Wiring 

21.45 

23.74 

23.74 

* 

Power Controller 

70.25 

59.63 

56.20 

Battery Subsystem 

1092.23 

1352.07 

1352.07 

Electrical Protection £. Safety 

9.91 

7.51 

7.51 

Perimeter Security 

59.13 

59.13 

59.13 

Operations and Maintenance 

601.78 

481.42 

881.42 

Transporatloo 

37.02 

29.62 

29.62 

(except Batteries) 




TOTALS 

1932.50 

2052.59 

2049.16 


* Does not include costs for load management; clrculte undefined. 
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Table 5.5-3. 
Life Cycle Costs 
PrellDlnary Designs 
16-KW 




$/M^ 


BOS ELEMENT 

V 

VI 

VII 

Array Structure & Foundations 

29.75 

28.91 

28.91 

Site Preparatlon/lnstallatlon 

10.64 

10.48 

10.48 

Array & Power Wiring 

23.12 

23.32 

22.32 

* 

Power Controller 

62.36 

58.42 

56.51 

Battery Subsystem 

1092.68 

1352.09 

1352.09 

Electrical Protection & Safety 

5.49 

6.50 

6.50 

Perimeter Security 

129.51 

29.51 

29.51 

Operations and Maintenance 

611.49 

545.59 

545.59 

Transporatlon 

29.36 

23.49 

23.49 

(except Batteries) 




TOIALS 

1894.40 

2077.31 

2075.32 


* Does not Include costs for load management; clrculte undefined. 
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Site Preparation and Installation 

The site Is generally a somevl’iat level, friendly site requiring no 
excavation, some clean-up and brush cleaning Is required. The site 
slope is such that natural water drainage precludes the need for 
drainage trenches. 

Trenching costs: $0,024 per foot 

3. Array and Power Wiring - 

Quotations were received for wire, connectors, risers, PV Solarak 
connectors and miscellaneous parts required for the wiring 
subsystems. Typically, wire was priced at $0,998 per ft.; riser, 
conduct and fittings at $6.26; Solarak connectors at $5.73. 

4. Power Control and Regulation - 

Prices for this system were obtained for electrical and mechanical 
parts, such as electrical components and boards, bracketry, switches, 
relays, controls, displays, J-boxes, etc. Costs were estimated at 
$584.23. Factory labor to assemble and test was estimated at $287. 
Wiring/ hook-up of PV array and Power Control Module was estimated to 
take 2.5 hours, totaling $70.00. 

5. Barteries- 

Several batteries qualify for use In each of the systems, depending 
on user desires for batter life and ease of replacement. LCC Include 
the initial acquisition costs, recurring replacement costs, and both 
initial and recurring transportation costs. Costs details are: 


Cost Item Delco 

Initial Cost $4,422 

Recurring Cost 8,532 

Initial Transport 248 

Recurring Transort 1,488 


** 

C & D 

11,482 

520 

1,040 


* 3 year replacement 
** 7 year replacement 


6. Electrical Protection- 

Prices for the grounding net and lighting protection included both 
parts procurement and labor for installation at the site. Trenching 
and backfill for the grounding ret costs $1.15 per foot. Wire, lugs, 
and miscellaneous parts were estimated at $40.00. 

7. Perimeter Security - 

Fencing costs were determined from vendor quotes at $8.50 per foot 
installed. 
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8. Operation and Maintenance - 

The subsystems requiring field attention were: 

Batteries Water check, connections, replace. 

Power Controller Check fault status, check connections 

and replace faulted components, 
maintain log. 


Electrical and Safety Hake electrical measurements, check 

and clean PV modules, maintain log. 


Costs are primarily those for field labor; Insignificant cost are 
allocated to small parts replacement. 

9. Tre sportation - 

Vendor firnished items Include transportation costs from the vendor's 
faclltiy to the PV factory. These costs were estimated and Included 
as part of the BOS elements costs. This Item Is identified as an 
independent cost element. 

10. Shipping - 

A two kllowat PV stand-alone systems was used to establish costs for 
transporting the system hardware from Los Angeles, California to a 
typical tranoceanlc remote site. Due to high cost of shipping, and 
local availability of batteries, battery shipping costs were omitted. 

Cost summaries by major subsystem element each of the preliminary 
design systems for one, four, and sixteen kW are Included in Tables 
5.5-1, 5.5-2, and 5.5-3. 
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6.1 Introduction 


The final baseline system design was executed under Task IV of the contract. 
Drawings and specifications sufficiently detailed to permit the construction, 
Installation, operation, and maintenance of a baseline system were generated. 
This documentation Included: 

(a) Electrical block, schematic and wiring diagrams of the baseline 
system. 

(b) Engineering drawings In agreement with specification DOD-D-IOOOB 
level 2. 

(c) Physical layout and overall size of the modular system. 

(d) Instrumentation recommended for Incorporation In the operational 
system. 

(e) Parts lists with part sources, model number, and rated values. 

(f) Final sizing calculations, assumptions, and results. 

(g) Life Cycle cost estimates for the baseline modular system. 

The electrical drawings define the various power and control circuits used In 
the final design. Table 6.2-1, "Power Rating Structure," depicts the family 
of system power ratings emcompassed by these modular stand-alone designs. The 
types, values and sources for the components and Integral subassemblies are 
also Included. The electrical Interfaces for the baseline modular system are 
shown, with the method of expansion to higher power ratings Indicated. The 
wiring diagram and electrical layouts of the Power Controller and Its Integral 
subassemblies are also given, as Is the electrical configuration of the 
modular battery packages. The mechanical drawings show the various structure 
s, foundations and mechanical subassemblies. The general methods of 
Installation and assembly are also presented. After the final design review, 
incorporation of Indicated changes, and final approval, the Phase II option 
was exercised by NASA. This section covers major element*' of the engineering 
drawing package. The baseline dociimentation Is that considered most 
significant to presenting the detailed design approach. 

6. 2 Array Structures & Foundations 

The structures and foundations provide a permanent and stable mounting 
platform for the power generating modules. With proper Installation, the 
frameless panel supports In combination with either the ballasted planters of 
the concreted anchored poet hole assemblies should readily survive at least 
twenty years' field service. Details of these structures and foundations are 
included in the drawing package. Section 7.0. 

6. 3 PV System Electrical Configuration 

Figure 6.3-1 Is the electrical schematic for the baseline 1 Power Unit system. 
The- array field has an output of 1.28kWp. It consists of two parallel 

branches each rated 150 VDC at 4.3 Adc or 640 Wp. Each branch Is a series 
string of 10 PV modules. Each module Is 2 ft. x 4 ft., delivering a nominal 
64 Wp. Table 6.3-2 Illustrates the modular expansion of the array field to 16 
kWp (16 PU) and Its partitioning Into a 1/2 PU (640 Wp) output and a 1/4 PU 
(320 Wp) output, respectively. The 1/4 PU rating requires the use of 1 ft. x 
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4 ft. (3" Wp) nodules. The baseline battery string Is a 60 cell/20 battery 
nodule conplenent of C&D 3KCPS3A 3 cell packages, each cell rated 260 AH at 
the 8 hr. rate. The 1/4 and 1/2 PU ratings also use this basic complement; 
the battery strings are proportionally replicated for the higher ratings. 


Table 6.2-1 

Power Rating Structure 


* 


Power 

Peak Power 

Peak Array 

Basic 

Array 

Basic 

Basic 

Unit 

from Array 

Current at 

Module 

Power 

Battery 

Power 

(PU) 


150 VDC 


Branch 

String 

Controller 


Increments Complement Capacity 


1/4 

320 

2.1 

1 

X 

4 

(32W) 

1/2 

1 ea. 

4 

PU 

1/2 

640 

4.3 

2 

X 

4 

(64W) 

1 

1 ea. 

4 

PU 

1 ** 

1280 

8.5 

2 

X 

4 

(64W) 

2 

2 ea. 

4 

PU 

2 

2560 

17 

2 

X 

4 

(64W) 

4 

4 ea. 

4 

PU 

4 

3120 

34 

2 

X 

4 

(64W) 

8 

8 ea. 

4 

PU 

8 

10,249 

68 

2 

X 

4 

(64W) 

16 

16 ea. 

8 

PU 

16 

20,480 

1363 

2 

X 

4 

(64W) 

32 

32 ea. 

8 

PU (2 


2 

* At 1000 Watts/M Insolation; Air mass 
** Baseline rating 


1.5; T 


ambient 


25 °C 


Within the overall electrical system, the array field wiring and cabling 
provides the electrical power Interface between the power generating array 
elements, the series module branches, and the power controller. Except for 
the fractional power unit ratings, the horizontal folded daisy chain string of 
10 series, 15 volt/64 Wp modules will be employed. 

For the extended higher power ratings, above 4 power unite, transition from 
the Intermodule wiring to the radial branch cabling Is accomplished In a 
number of ways with the SOLARLOK connectors. The following wiring options are 
available : 

(1) Aerial/burial cable 

(2) Rigid metalllc/non-metallic conduit, for special protection of power 
cables; INC; or protected surface runs with aerial/burial cable. 

Figure 6.3-2 Is the specification control drawing for the Solarlok devices. 
Figure 6.3-3 is that of the "Supercon" connectors used In array battery and 
load terminations within the Power Controller. The branch currents are routed 
directly to the Power Controller. Radial collection methodology Is employed 
throughout. A two string summing Junction can be used directly at the 
termination of two subbranch loops In the event the smaller 1 ft. x 4 ft. 
modules are deployed In a 320Wp series string. 
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tADL[7‘i?j 

tan. wn iM. uw . w. — 


AMP* SOLARLOK* 

CONNECTOI SYSTEM 


MSTRUCTIOM tHCET 

IS 740S-21V1 


rubiiBbtd 1-5-S1 



ncoBi-1 


1.1 Dtscrltlen 

AKP SOUIILOE* ConDBotor wsa 
prlaarll/ designed end Introduosd 
to the Solsr Energy Industry in 
1979* The Connector systea Is 
pscksgcd and Initially aTailahl# 
as a coaplets kit as shown la 
Tigurs'l . 

1.2 Ea ch kit consists of s ons tab 
Bus Bar^ Bus Bar Bousing aad 
Eamesb Connector with 18** wlza 
length. The basic kit is Mail* 
able under AMP part nusbsr 

121055*1. 


• TRAHMARK 07 AMP nCORFORATED 


1.3 Other kits will be arallabla 
with wariatlons in type and 
length of wire, 2 tab Bus Bars 
and assorted quantities of Bus 
Bar Housings and Bamsss 
CoDDsetors to accooBodate 
oustoasr rsquireaents. 

Head the following inatructiona 
for specific inforsatioo in 
regard to the AMP SOLAXLOK* 
Cooneotor installstion for a 
tynical aodule. 


Figure 6.3-2. 


Specification Control 


Drawing for Solarlok Connectors 
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larmM* VICIFICATIOK mi OMEMSIOHS (CmMmC 
PRICES SHOWN AT lACK OF THIS SECTION. AUirtMi 


100 AMPERE SUPERCON* 


SUPERIOR ELECTRIC 

AUlTmONTimPMI MOIMM.IVMHNIMW ttttM.. 


CATALOG NUMUR 


FW itoun 
itcmAcul nufi 




mnCV I MINGY 


GtlMfiA 

MIMGII I GFItOCIl h'DOMl 


MIN6CH |H)MCCII KnOOftCN 

mgocwT anoocwT 


100 AMPERE TYPES RS and PP DIMENSIONS 



INSTALLATION:— it « tba reipontibilily of Iht 
•quipmtnt manufacturtr or individual inatalling 
the apparttut to take diligent care when inclalling 
equipment. The National Electrical Code (NEC), 
■ourtd local electrical and lafety codes, and whan 
applicable, the Occupational Safety and Health Act 
(OSHA) should be followed when inttallirtg the 

V. V. /T^ncrHiC! metric Company 
/I A /:sc;-rsoJCcn:roL 


SAFETY WARNINGS 


ly of lha apparatus to reduce hazards to persons and property. 


USE:- The chance of electric ihocki, fire or explo- 
•ion can be reduced by giving proper consideration to 
the use of grounding, thermal and over-current 
protection, type of ancloture artd good maintenance 
procedures. 


Figure 6.3-3. SCD for Supercon Connectors 
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The Power Controller (PC) Is the collection, conditioning a distribution 
center ter all system DC power. One basic Power Controller Is furnished; this 
baseline configuration is used In all ratings through 8 PU. Power switching 
assemblies are progressively added^with Increasing power ratings. Figure 
6.A-1 Is the baseline 8 PU cabinet . Figure 6.A-2 is the cabinet and 
controller Interface wiring diagram. The Power Controller also houses the 
Power Control Panel (PCP) and the Power Output Panel (POP). These panels and 
the associated hardware assemblies are also common for all systems. The Power 
Controller also accomodates all of the SOLARLOK male receptacles that 
interface with the PV array branch collection circuits as well as the 
"Supercon" load connectors outputting from the distribution circuit breakers. 
The PC cabinet also houses the high current summing bus or main lugs for 
maximum power rating. The battery strings are connected by "Supercon" 
connectors to these main lugs. 

6.A.1 Power Control Panel (PCP) 


The PCP houses all of the master electronic controls for the power systems. 
It includes the following: 

1) The Two Channel Charger (Multi-Level) Regulator printed circuit 
board. 

2) The Load Management printed board. 

3) Summary system status displays and indicators and the zero centered 
battery current meter. 

A) The ground fault relay, 

5) The control system motherboard, electrically Interfacing the power 
control devices, the electronic sensing and decisional circuits, the 
manual/ automatic control, and the displays and Indicators. 

6) Manual override controls and mode selectors. 

7) All pilot relays required to energize the main contactors. 

8) The dual redundant DC/DC converters, supplying 2A VDC control power, 

9) System protective logic and control elements, 

10) Interfaces with the Deltar S.O.C. sensors. 

Figure 6.A-3 depicts the layout of the power control front pa.^els and Figure 
6.A-A shows the Interior physical arrangement of the several PCP subassem- 
blies. Figure 6.A-5 Is a schematic of the motherboard, and Figure 6.A-6 gives 
the physical layout of the major components, A low cost ($0.25/watt) DC/DC 
converter is employed to efficiently obtain low voltage control power without 
dissipation in the dropping power resistor. The converter tare losses at full 
load (85 watts) are approximately 6 percent or 3.0 watts; the avoided power 
loss (as compared with the resistor method) Is approximately 60 watts, all 
from the panels/battery at the expense of the load. Two converters are 
redundantly employed In the cold standby /manual switchover mode to assure 
continuous control power. A specification control drawing for the selected 
DC/DC converter is Included as Figure 6.A-7. 


* The A PO Power Controller is accomodated by using a cabinet one-half the 
height of the 8 PD cabinet. 
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Figure 6.4-3. Power Control Panel (PCP): Front Panel Layout 
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FIGURE 6.4-5. MOTHERBOARD SCHEMATIC 
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6.4.2 Universal Control Board Printed Circuit 

The multilevel charge control circuits and the load management decisional 
circuits utilize a common printed circuit board. The change of a limited 
number of divider resistor values and sense Inputs plus the deletion of the 
temperature compensation function and the addition of the DELTAR sense Inputs 
convert a charge regulator board to LM control board (and vice-versa). In the 
load management function the Inputs to each of four dual state comparators are 
dedicated respectively to each of four Deltar sensor outputs corresponding to 
20 percent, 40 percent, 60 percent and 80 percent state of charge. In the 
multilevel regulator configuration, tvo comparators are dedicated to the dual 
channel regulation and the third to undervoltage trip. The fourth channel Is 
presently uncommitted and available as a spare. Figure 6.4-8 is the schematic 
of this common plug-in element; both configurations are shown. In the 
standard circuit the comparator IC outputs to a bipolar drive transistor which 
in turn operates a one-half crystal cave hermetic relay. The charge 

regulation channel output relays can energize up to eight series switching 
Durakool contactors. In the LM configuration, each of the four comparator 
output relays energizes the corresponding contactor in that particular 
prioritized load bus. Each comparator has In turn been actuated by an output 
level change in the DELTAR Specific Gravity sensor assigned to that particular 
channel. Figure 6.4-9 Is a specification control drawing of the Deltar sensor 
assembly. Figure 6.4-10 depicts the sensor assembly "J" box Installed In 

close proximity to the designated pilot cells. 

6.4.3 Power Switching Assembly 

The Power Switching Assembly (PSA) consolidates all input power switching 
elements for each 1 PU (1.28 kWp) Increment on a single panel strip. The 

baseline 1 PU system uses two PSAs, which permits multilevel charge regulation 
at a cost delta of approximately $0.2/watt. Figure 6.4-11 shows the layout of 
a single PSA panel; Figure 6.4-12 depicts the interior layout and the 
intraconnective wiring. The Power Switching Assembly (PSA) accepts the output 
of contribution to the summing (battery) bus. It Includes the following 
control/protective switchgear; 

1) An input circuit breaker for manually connecting/disconnecting the 
particular array branch Involved. 

2) A crowbar contactor, part of system protection. 

3) A series power relay of the hermetic mercury displacement type, 
protected by a snubber, and performing the dual function of the power 
pass element in the feedback control loop and "overvoltage shutdown." 
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Figure 6.4-9 


SCD for DELTAR Sensor 
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Figure 6.4-10. DELTAR "J” Bo, Uyout of Wiring Diagr.n 
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PANEL FKDNT WfW 


Figure 6.4-11. Power Switching Assembly Panel Layout 
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The blocking diode, CR-1 , precludes potentially damaging back current flow 
from the main power bus In the event of a faulted array element. The power 
snubber circuits used with the hermetic contactors result In virtually arcless 
power Interruption, thus ensuring MCBF (mean-cycles-before-fallure) exceeds 
several million cycles. The less frequently deployed circuit breakers 
likewise employ power snubbers, precluding contact erosion and absorption 
switching transients, keeping the array/panel wiring from being possible E>ll 
radiators. Metallc Oxide Varistors are Included on the PSA Input to hold 
potentially damaging voltage surges to safe dielectric levels. Up to eight 
power switching assemblies may be Installed j^n the power controller cabinet, 
accomodating ratings up to 8 PU or 10. 2A kw’p . The summing (battery) bus 
output connection Is readily made by Installation of standard lugs and 
Jumpers; the array branch Inputs are directly routed Into the PSA Solarloks 
and are independent of other array circuits. 

* By using 2 each 8 PU controllers, 16 PU is achieved. 


6. 4. A Power Output Panel (POP) 


The Power Output Panel (POP) Is depicted In two drawings, the front panel 
layout drawing, Figure 6.4-13, and the Interim arrangement and wiring 
interconnection drawings. Figure 6.4-14. The POP incorporates the output 
contractors that control the power flow to the four prioritized load outputs. 
It also Includes the four back-up low voltage circuit breakers that provide 
manual load break and automatic fault trip. Each output panel will accomodate 
up to four circuit breakers and contractors with an aggregate 100 ADC 
continous rating at 230 VDC. 

The POP circuit breakers, as well as the array side disconnects are Helnamen 
CDl series with auxiliary contacts. Their continuous carry and fault trip 
ratings are coordinated with battery fusing and vary with system rating. For 
the baseline one power unit (1 PU), the Helnamen breakers Model CDT-132-DU30- 
123-1 have been selected for 13 amperes continuous carry and an Inverse time 
trip characteristics 01 “ 1 sec/700 percent continuous. The four hermetic 
mercury displacement contactors, Durakool Model BF7046, each In cries with 
the circuit breaker, are dedicated to that particular prioritized distribution 
feeder. The panel also includes the master control relay that interdicts the 
holding current on each of the four prioritized bus contactor colls in the 
event of sensing a catastrophic battery undervoltage, nominally less than 1.73 
VOC at 23 C. The panel also Includes the main lugs for the load output and 
battery input. The load buses are outputed with Supercon connectors; the (+) 
and (-) battery inputs also Interface with the same system, but with device 
ratings Incompatible, and non-lnterchangeable , with the load connectors. 

6.3 The Lead Calcium Battery 

The Lead-Calcium Battery, the C&D 3KCPSA-3, selected for this application 
repjesents the best present off-the-shelf product, consistent with reliability 
performance, life cycle cost, and field handling requirements. Figure 6.3-1, 
the Specification Control Drawing, fully characterizes this battery. Figure 
6.3-2 summarizes pertinent installation and maintenance data. The baseline 
one power unit (1 PU) battery consists of twenty of these 3 cell batteries in 
series, giving a nominal 120 VDC bus voltage. 
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Figure 6.4-13, Power Output Panel (POP)i Front Panel Layout 
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CONDENSED INSTRUCTIONS FOR 
STANDBY BATTERY SERVICE, FULL FLOAT OPERATION 
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Figure 6.!)-2, Inatallstion and Halntenance Data 
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6.6 Operations & Maintenance 
6.6.1 Recommended Spares Complenent 
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A limited spares complement Is recoomendcd as follotrs: 


P.V. Kodules 
Batteries 

Power Control Panel 

Connectors 

Fuses 

Structures /Foundations 

Intermodule Jumpers 
Battery Cables 


Contactors/Power/Snubbers/ 
Circuit Breakers 


Power Switching Assemblies 

hOV 's/Translcnt Supressor 

Power Dlodes/IC Regulator 
Assemblies 

Miscellaneous Power Control 
Panel Components 


Spares not recommended. 

Spares not reconmended. 

Spare regulator card, spare LM card, spare 
ground faulty relay assembly. 

10 percent spare Supercons. 

400 percent 

Spares, with the exception of small 
hardware, not recommended. 

10 percent (including Solarloks). 

Bulk cable, 10 percent, consistent with 
Supercon spares. 

10 percent bulk spares, excluding power 
switching assemblies. 

1 spare PSA for each 4 power units. 

10 percent. 

100 percent. 


10 percent, or minimum of 1 for low population 
items. 


6.6.2 Design Interchangeability 

All functional electronic modules, such as the regulator and the load 
management control printed circuit cards, are completely interchangeable c 
After replacement, minor adjustments, such as peaking, recalibration, reset of 
hysteresis, etc., may have to be made to accommodate specific load profiles, 
relative battery age, and possibly the particular power Input/power output 
budget . 

All major subassemblies, the Power Switching Assemblies, and the PU power 
control cabinet Itself are complete'*'/ Interchangeable with like assemblies. 
The Power Control Panel (PCP) and the Power Output Panel (POP) are likewise 
fully standardized and Interchangeable. 
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All cells/battery modules of a particular manufacture and with identical 
sevlce history are Interchangeable. 

All photovoltaic modules will be Interchangeable within the specified 
performance tolerances. In the interests of maximizing the output of each 
string, premium output modules should be grouped into corresponding (10 series 
modules per string) premium strings, with the mld*‘dlstrlbution as well as the 
lower-acceptable limit devices arranged in 10 unit series strings of lower 
corresponding power output. 

All bulk cable, mechanical hardware, and electrical fittings are completely 
interchangeable. All module to module connector links are standard. 
Serpentine links are Interchangeable only with Identically dimensioned units. 
With the exception of fabricated items and unique assemblies, no factory 
"specials" or nonstandard components are employed. Use of limited life items 
Is avoided, except In the case of batteries, fuses, etc., 

6.6.3 Recommended Maintenance Apparatus 

The below listed apparatus and instruments ore recoonended for efficient 
conduct of both scheduled and unscheduled maintenance; figure numbers 
refer :'lng to supplemental specification Control Drawings are given opposite 
the particular Item. 

o Maintenance Test Box for Array Modules/Series Strings 
c Hall Effect Current Gun 

o Portable Digital Multimeters, (Ruggedized/shockproof : Beckman 

or FLUKE) 

o Industrial Electrical Test Set (Extended Range) 
o Electricians Tool and Repair Materials Kit. 
o Light Structural Tool Kit. 

o Battery Maintenance Kit (Figure 6.5*2 : Installation and Maintenance 
Data) . 


6 . 7 Life Cycle Cost (LCC) of the Final Design 

The procedures for generating the LCC for the final design system were the 
same as those performed and described earlier for Life Cycle Costing of the 
conceptual and preliminary designs. Cost details were generated under the 
same assumptions as listed for the LCC of the preliminary design effort and 
Included in Section 5.3 

In addition to the assumptions described in the preceeding paragraphs and 
quantified in the final design LCC, are those direct charge costs involving 
selected activities of engineering and program management. These costs as the 
result of their unique applications directly related to the product sale. 
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The costs associated with Engineering and Program Management were determined 
from the following: 

1. The system designs are firm, preproduction proof of design modules 
have been verified, and the factory is capable of manuacturlng PV 
systems at an annual rate of one megawatt. 

2. The average system size manufactured and sold is two kilowatts, 
yielding 300 systems per year. 

3. Cost for staging of systems at the Port of Entry of foreign 
countries is the responsibility of the customer. 

4. To handle field problems arising from deployed systems, a sustaining 
engineering effort is required. It is assumed that during the twenty 
year life of the system, and average of two technical field problems 
will require engineering solutions for each system deployed. Each 
engineering solution will require an average of two person-hours. 

Cost: 2 Hrs x $28/Hr x 2 Solutions > $112 per sys 

5. Product improvements to the basic product in production result from a 

variety of stimuli. Recommendations from the field relating to 

system quality and peformance constitute perhaps the largest source 
of "needs" to Improve the product. It is estimated that each year an 
average of six such product Improvements will be Implemented, and 
that each improvement will require approximately thirty hurs of 
engineering type labor for implementation into the unit being 
produced. 


Cost : 


30 Hrs X $28/Hr x 6/yr 
500 sys/yr 


■ $10.08 system. 


6. The systems being produced are modular in size, ranging from a 
fraction of a kilowatt to sixteen kilowatts. Each system being sold 
must be sized by the factory technical staff to accomodate the user 
load needs and site specific climatic effects. it is assumed that 
each of these system size determinations will require four hours. 

Costs: A hrs x $28/Hr - $112/sy8tem. 

For the above six items, the total adjusted twenty year life cycle cost is 

$234 per two kW system and 
$117 per one kW system. 

Cost details for the final design for each of the major BOS elements 
are shown in Table 6.7-1 for one kW, for kW, and sixteen kW. 
Included as an addition to the list of BOS elements is the item 
"Shipping." This item was Introduced into the system life cycle costs 
details to examine the cost Impact brought on by shipping the systems 
to a remote site. 
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Table 6.7-1 

Life Cycle Costs Details of Final Design BOS Elements 


$/M^ 



BOS ELEMENT 

1 KW 

4 KW 

16 KW 

1. 

Structures & Foundations 

41.53 

40.23 

40.20 

2. 

Site Protection 

9.34 

9.04 

8.65 

3. 

Array & Power Wiring 

13.90 

26.39 

28.32 

A. 

Power Controller 

200.70 

172.91 

205.00 

5. 

Battery Subsystem 

1133.56 

1133.56 

1133.56 

6. 

* 

Electrical Protection & Safety 

11.45 

9.51 

6.50 

7. 

Perimeter Security 

137.49 

59.13 

29.51 

8. 

Operations and Maintenance 

535.19 

CM 

• 

00 

545.59 

9. 

Transporation (except Batteries) 

** 

33.80 

29.62 

23.49 

10. 

Shipping to Remote Site 

42.24 

39.07 

36.73 

11. 

Program Management 

15.77 

15.77 

15.77 


TOTALS 

2174.97 

2016.6 

2073.32 


* Does not Include lightning protection 
** Does not Include batteries 
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7.0 Engineering Drawings 
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SEP 11363 POWER OUTPUT PANEL (POP) 
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PARAMETRIC MODELS OF KEY COMPONENTS OF CHARGER REGULATORS 


APPENDIX A - PARAMETRIC MODELS OF KEY COMPONENTS OF CHARGER REGULATORS 


The parametric cost models developed in this study utilized manufacturers data sheets 
and price lists in effect for January 1981. Prices were used which reflect purchases 
in quantities of 100-999 or 100-499 with original equipment manufacturers (OEM) 
discounts. An exclation factor of 15Z would better represent current (Jan 1982) 
prices. 

^ I 

The definition oi service ratings of current and voltage on the charts and in the 
models deserve close attention by those using them: 

A-1 Model Voltage Rating 

This is intended to be the maximuin value of voltage the device will see in normal 
service, based on the array open-circuit voltage. The industry rating of Vceo (for 
transistor), Vj. (for diode), and (for thyristors) are each derated by lOZ to 

yield the rating V^ocS 

V - 0.9 V 
moc ceo 

- 0.9 


The derating is intended to accommodate overvoltage devices and surge arrestors 
with the assumption that the peak voltage of such devices will not exceed 1.1 times 
the array open-circuit voltage. 

A-2 Model Current Rating (1 ^^ ^) 

This is Intended to be the maximum value of current the device will see 
continuously assuming short-circuit conditions of the array. There is no simple 
multiplier of industry ratings. For transistors Imsc is the collector current 
for ''^cesat “ 1*0 volts. In most cases this derates the I max value from 50-60Z. 
This is done because higher 


ORlGiNftl- PA®,® 
r>* POOR QUALITY 


The variation of diode cost with voltage is not great in the range of Interest and 
“•t the higher currents is a siaall fraction. This plus Figure 3-1 points out that 
here are really two cost models, one for currents from 10-60A and a second for 
currents 100-200A: 

«diode ■ . . for 10 1 60A 

$diode ^ 

In fact, there are few diodes rated between 60 and 100 amperes and they tend to be 
costly. The sharp break in price above 60A reflects both a lower volume of 
production and a greatly Increased cost of the diode housing at the higher ratings. 

A-3 Parametric Cost Model of a Thyristor 

Figure IV- fils a plot of thyristor unit prices-vs-Ingc with voltage as a parameter. 
As was the case with the diodes, a sharp upward break in prices occurs as current 
rating increases. For the thyristors this break occurs at about 30A. It is worth 
noting that dissipation is higher in a thyristor chan in a diode at the same 
current (assuming equal racings). Further, thyristor case temperature is more 
critical than is diode temperature. There are three junctions in a thyristor and 
thermally they are nearly in series. A diode has only one junction, one side of 
which is brazed to Che case. Thus it is not surprising that the 30A thyristor and 
60A diodes represent the same break point to more -expensive housings. 

The models also appear useful for thyristors: 


^thr 

(i.v) - 

for 

10 I 

30A 

ft 

XT 

(i.v) - 

for 

50 I 

180A 


When one considers that dissipation, at full rating, in a 60A diode is about 
72 watts and in a 30 ampere thyristor 40 watts, there is some persuasion to set 
these as the maximum current that will be used ana adjust the system configuration 
accordingly. The comparable figures for lOOA diodes and 60A thyristors are 120 
watts and 80 watts, respectively. This implies large and expensive heat sinks apd 
adds markedly to the cost. 

A-4 Parametric Cost Model of a Silicon Power Transistor 

Figure IV-9 is a plot .of transistor unit prlce-vs-Vj^jQ^, with I^jsc ® parameter. 
This change in plotting format resulted from the discovery that power transistor 
prices can best be scaled linearly with current and exponentially with voltage 
(almost the reverse of rectifiers and thyristors) . 

The paralleling of diodes or thyristors to increase current rating is in most 
cases not practical owing to ,the large heat release in ballast resistors needed 
to promote current sharing. On the other hand, transistors have significant 
gain and can be made to share current in parallel with only modest heat release. 
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(There is no extra parts cost as a small emitter resistor Is advisable on even a 
single transistor to preclude thermal runaway.) In short, transistors can be 
paralleled. Thus If a given current rating represents a distinctly minimum cost 
per ampere, then higher ratings may be achieved by paralleling, l.e., a linear 
scale of cost with current. Examination of Figure IV-9 shows chat this Is 
distinctly the case: 

< 

. It Is cheaper to use 1-7. 5A transistor chan 2-3A transistors. 

. It is much cheaper to use 3-7. 5A transistors than 1-20A transistor. 

The 7.5A transistor represents an excellent standardization point (or cost detente) 
ss It Is available In a wide range of voltages (40-270 volts). It also embodies a 
housing which Is produced In very high volume for the audio, automotive and 
television Industries. 

The price of power transistors at all popular current ratings (3, 7.5, 20A) 
scales exponentially with voltage to a very close agreement. Thus: 

V 1-17 

* rx v'k . V K . Integer (md up) of 

’xstr^^*^^ 72 ” I /7.5 

msc 

For a 7.5A transistor Is highly accurate as can be seen from Figure IV-9. 
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A-5 . Parametric Cost Model for a Darlln;;ton Transistor 


The Darlington transistor Is actually tvo bipolar transistors of the same type plus 
two resistors and a reverse voltage diode clamp, all In a single housing. The 
chief advantage vls-a-vls a single bipolar transistor Is the great reduction In 
driving current required to saturate the device. The sole disadvantage Is the 
usually higher value of which Is necessary because the drive circuit has tvo 

base-emitter junctions In series with the base-collector junction of the first 
returned to a common collector connection. This weakness almost preclude the use 
of an non-relay bypassed Darlington In low voltage stress applications. Figure IV-10 
compares Darlington prices to those of bipolar transistors, thyristors and diodes. 

In general, the Darlington represents a best buy compared to transistors. Again 
as with the transistor the most economical size Is 8-lOA. The cost model Is, very 
simply: 


Cost - $ 1.30/sc kW 
A-6. Power Contactors/Relays 

There are essentially three ratings of devices In this class, 125 volt, 250 volt, 
600 volt. The prices reflect the greatly Increased difficulty of Interrupting a 
direct current as the voltage increases. As example, consider the devices below. 
Each Is the lowest price in Its class In terms of $/amp. All have 2 normally 
open contacts; they are available In other configurations. It Is important to 
note that the below rating are those of the factory; they do not reflect the use 
of external snubbers. 


Current 


Mfr - Type Nbr 


(Each Contact) 

Voltage 

Price 

$/kW-Circuit 



A 

V 

$ 


P&B MB 


60 

28 

30 

8.93 

P&B PRD 


10 

125 

14 

5.60 

Ward-Leonard 7400 

- 

2;.. 5 

250 

156 

13.86 

Ward-Leonard 7400 


45 

250 

220 

9.78 

Ward-Leonard 7400 

• 

90 

250 

270 

6.00 

C-H 80-6002 


25 

600 

376 

12.53 

Westinghouse-M,MD 


50 

600 

420 

7.00 

Westinghouse-M,MD 


100 

600 

640 

5.33 

C-H 80-6002 


150 

600 

1160 

6.45 


The 125 volt device as supplied by the factory, uses a permanent magnet blowout for 
the arc; the higher voltage units use blowout colls. The 28 volt unit uses no arc 
blowout, but is too low in voltage for general use, without the use of outboard 
snubbers. 
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Perhaps the most significant factor is the economy of scale. Using the lowest 
$/kW-circuit and comparing the total circuit power switched: 


Voltage 

kW Switched 

$/kW-Clrcuit 

125 

2.5 

5.60 

250 

* 45 

6.00 

600 

120 

5.33 


We can see that for the same cost in terms of $/kW-circult we can obtain much 
greater modular flexibility with the 125 volt unit. This rating would not be 
acceptable for a nominal 120 volt system (180 except through the use of tapped 

arrays. However, with an array tapped at 0.3 Voc such a relay would operate in the 
shunt mode at 1/2 its voltage rating. The lOA current rating also modularizes 
well with the 8 amp proportional control semiconductors. 

A rough comparison of the 125 volt relay-vs-translstors used on a tapped array is 

relay (including dust cover) $15.00 

2 transistors, mounting hardware 

heat sink and resistors $ 7.00 

for a differential of $8.00 foi: 2.2 kW favoring the transistors. This differential 
will be further narrowed by assembly costs which favor the relay, or by deleting 
the dust cover ($5.25). In short, the relay without dust cover is probably 
slightly cheaper than the transistor and with dust cover slightly more expensive. 

When snubbers of the Hughes China -Lake (EPUP) type are used the comparative cost 
shifts substantially in favor of relays. 

The mid-1981 price (100-249 level) in a DPDT PRD11DY0-24AG D&B Power relay was 
$6.68. This relay is rated 30 ARMS at 240 VAC, and 20 ARMS at 277 VAC. The 
snubber permits these predominately AC motor starting, incandescent lamp load 
relays to operate at a substantial fraction of the AC rating. Without supplemental 
magnetic blowout ouse the use of ferrite PIl and with the Hughes circuit, this 
relay repetitively switched 20A DC on each contact without incident or 
observable erosion. Its dielectric breakdown for DC should exceed the equivalent 
AC levels. In the series OFF-ON configuration, the relay will control a minimum 
of 8.0 kW of peak DC power. With the snubber network, and a blowout magnet 
(thrown in for good measure), the relay package, including capacitor, diode and 
resistor, dust cover, is estimated to be less than $21.00 at current prices. The 
dollar cost per kW now becomes $2.60 per kW; which compares favorably with the 
20 ampere 200 VDC transistor complement, which prices out at about 5X greater. 
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A-7 . Paraaettlc Cost Model of Heat Ejection Devices 

or unattended power Installations where the cost of generated power is high, it 
is assumed that heat ejection will be accomplished by radiation and free convection. 
This approach has much to recomend it beyond the saving in power. In an 
unattended installation a fan failure would stop the forced air cooling and limit 
Che ejection to just radiation and free convection. This would likely precipitate 
a sequence of failures as temperature rose in the control. Design at the outset 
for only radiation and free convection assures a natural cooling of system which 
Is both simple and robust. This portion of the analysis is directed more to the 
solid state regulators using Darllngtons. The OFF-ON Series regulators, including 
the Multistate have only one power semiconductor per 1 PU; this is the blocking 
diode. It produces 8-10 watts thermal at peak power, considerably less than the 
Darlington switches. 

It is worth examining Che capabilities of natural cooling using just the outer 
surface of the control housing. Generally the front door will be ineffective as 
will also Che top. Assuming the two sides and rear to be effectively an area of 
roughly 1 square meter would be typical. Thus: 

Radiation: 

For stacked fins with emisslvlty 


h^ 0.228 X lO"^ ( ) (1-F) 

■ surface emissivity 
F ■ shielding factor of multiple fins (F ■ 0 for one fin) 

Tg “ fin surface temg C 
Tg ■ ambient temp C 

m surface of 1/8" aluminum anodized and blacked 


h ■ 8 W per m °C or 160 W for T -■ 20°C 

above 

A-8. Free Convection; 

For vertical fins at sea level and T 800°C 


Assume a rectangular 1 


- 0.95 
To - 50°C 
Tg - 70°C 


0.9 and at temperature T 200 C 
2 
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DunC 


7 


0.25 


3.42 


39.4 


/ 2 

w/m C 


T • difference In temp 

between fin and a^lenc 
In °C 


h 


e 


Exposing 


- 2.88 vim- ®C • 


■ length of fin In meters 


above 

or 58 W for T - 20°C 

2 surfaces gives 116 W for a total heat rejection of 276 W for X ■ 20°C. 


Thus If we use only the surface area of the control housing as a heat ejection 
means • we are forced to rather large and expensive housings If ejected heat exceeds 
150-200 watrs. For a series pass transistor the dissipation will be about IX of 
system ratln,;. Thus, we would be limited to system capabilities of 2-3 kW using the 
housing aloni!. This limitation Is unacceptable and so we must consider preformed 
heat sinks. In several of the electromechanical switching configurations, the branch 
blocking diode Is the only heat generating semiconductor of consequence. Since 
specific dissipation Is low, about 10 watts per kW of peak power, more rudimentary 
heat sinks, such as the 3/16" aluminum rear panel for the PSMs should suffice. 


Beat sinks are available from several manufacturers as either aluminum extrusions 
or (for low power) as formed aluminum parts. Designs are very similar among 
manufacturers. In the tabulation below prices of Wakefield Engineering have been 

used. 


1 

I 

1 

1 

1 

.1 

I 

1 




Price 


Watts for 

$/watt 


y 

Type 


$ 

£ 

- 30y40/50°C 

30®C 

40®C 


Formed to -3 


0.48 


4/6/7. 6 

.12 

.08 

7 

Light Extrusion 


1.51 


7.5/12/16 

.20 

.125 

a 

1" X 4" Extrusion 


2.37 . 


12/17.5/26 

.197 

.135 


2-1/2" X 5" Extrusion 

-4.26 


32/45/60 

.135 

.J95 


Despite the wide range 
rise to $0.12/watt for 

of 

40° 

size and 
*C rise. 

type the cost is roughly $0.15/watt for 30°C 
It is worth noting that a low voltage (120V, 8A) 



transistor with mounting hardware costs about $1.50. This unit can dissipate 
about 40 watts with junction temperature of 120°C and 25-30°C rise above 50°C 
ambient. The heat sink to accomplish this costs $4.26 or almost 3 times as much. 
Only when transistor voltage rating reaches 300 volts does the cost of the 
semiconductor approach that of the heat sink. 


.i 


.1 



6. Cost Models of Control Circuses 

Ws must examine the design requirements of each circuit type to determine a required 
rating for the switching device. From these ratings and the component cost models 
a control cost model can constructed. . . 

A-9. Series Regulator, Proportional Control 

This configuration requires a proportional control. The simple differential 

current control described In Section would be adequate. There is considerable 

dissipation In accordingly the heat sinks become large and are a significant 
cost Item. Thus It Is worth examining the dissipation requirement of Q^. 
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The dissipation for the series pass transistor, P^, will be: 

P^(0 - (v^ - v^) I 

Fortunately both and Vf have negative teaperature coefficients. Further, the 
worst case (from the standpoint of V^) occurs with the lowest ambient temperature. 
We are Justified in taking a mid>range temperature value. 

• ho.d 

t*mid 

If we assume that for brief periods we depart from this steady state, we can 
estimate the worst case to be: 


worst case (1) 


V - V, I 
oc f no 


(V - V.) 
oc f 4 


or in terms of I 


sc 


(V - V ) — ^ 
f-' 4.3 


This is also 7.1Z of peak array output. 
Accordingly the device specifications are: 
Major Components 

« 


- pass transistor 


7.12 1^0 X 


V at I - 0 
oc c 

I at V 
sc cesat 


HS - 30 C rise over T for 7.12 I x V 

a no no 

D, - coupling diode V , I 
1 re, OC sc 


PC - proportional control from ^array switchboard shunts, 

.1-opairp, 1 dual power supply, .two potentiometers, six resistors) 

Cost Example (3 kW system - 23A, • 180V 


oc 


I - 21. 4A, V - 140V) 
no no 



X sockets 


.84 

Qj - 4 X IR5060 


17.24 

RS - 4 X 423A 


17.04 

- 4 X IN1202A 


• 5.28 

PC - 


37-^0 
$71. *.0 

Model 

$ - 37.00 + INT 

I V 
no no 

714 

(10.10) 

$ - 37.00 + INT 

I V 
no no 

714 

(11.46) 

A-10. Shunt Regulator 

(On-Off 

Type) Relay 
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for 

V 

oc 

180 

for 

V 

oc 

360 


This Is a very simple configuration. It tends to modularize at 7-8A and V, 150V, 
vhlch is reasonable for 120 volt systems. This is based upon a lOA, 150V rating 
* a single form-X contact. 


i or Components 


CR - power contactor V , I (Interrupt) 

no sc 

D, - coupling diode V , I 

1 ^ oc sc 

Cost Example (3 kW system) I ■ 23A, V ■ 140V 
^ — sc no 

CR - 3 - PiB KEUP3D15 - 110 DC 21.84 

D. - 3 - IN 12C2A 3.96 

^ ' $25.80 

• 

Model 

I 

$ • INT — 8.6 for V 150 volts 

. 0 DO 

A-11. Shunt Regulator (On-Off Type) Transistor 

Like the relay version this is a simple configuration. It also tends to modularize 
at 8A, but is flexible on voltage up to V - 360 volts. At low voltages bipolar 
transistors are cheaper, for V^^ 180 V Darlington transistors are cheaper. 



Major Components 
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Q, - transistor V , I 
1 oc sc 

D. - coupling diode V , I 
• 1 r o oc sc 

CR - partial cost of ordinary industrial control relay 2PDT 3A (shared by 
several 


- 2W carbon resistors 


Cost Example (3 kW system) ■ 23A ■ 180V 


Dj - 3 IN1202A 

3.96 

Qj - 3 X 2N6249 (h^^ 15 @ 7A) 

*11.25 

HS - 3 - 689 series 

1.44 

sockets 

.63 

R^ and R^ 6 2W carbon 

.60 

CR - 1 - KUP1AA55 - 115D 

(actually adequate for 60 kW system) 

7.28 

PS 1 6Vdc power supply 

(also adequate to 15 kW system) 

10.00 

$35.22 


Model 


$ 

$ 


I 

17.28 + INT (5.96) 

Isc 

17.28 (+) INT -|=- (8.31) 


for V 180V 
oc 

for V « 360V 
oc 


A-12. Series Regulator (OFF-ON type) Relay 


This is also a simple configuration. It tends to modularize at 10 to 20 amps and 
voltages under 150 VDC. Modularization ar higher voltages and current, typically 
250 VDC @ 30 amps appears to present no special problems if the appropriate 
snubbers are used. 


Major Components 


power contactor 

V 

, I 

oc 

sc 

coupling diode 

V . I 
oc sc 


In most cases the maximum operating stress on the contactor and the diode only 

will be V - V. ^ . 

oc batt 

Cost Example (5 kW system) 


I - 30A 
sc 

.V - 175 VDC 
• no 


CR (one) , with snubber and dust cover 


Dj (three) IN1202A 
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$ 21.00 

3.96 

$24.96 


The parametric model is 
I 

. $ - INT 8.3 for V 175 V 

30 no 

A-13. Multistate OFF-ON Series Contactor 

The multistate series contactor regulator becomes an iteration of a A-12 preceedlng 
The control costs vis-avis power level will however be a function of the desired 
control preclsim. 

A-14 . Shunt Regulator (On-Off Type) Part of Tri-State Control 

This configuration takes advantage of the fact that it is not necessary to short 
the entire array, but only enough to bring Vf^oat* This has no effect on 

power contactor cost except permitting use above 150 volts. It has a significant 
effect on semiconductor costs. 

Major Components 

transistor 0.3V , I 

oc sc 

coupling diode V , I 

oc sc 

as before 
as before 

cost of 1 additional wire, i?14 at 0.056 per foot 

Cost Example (3 kW system) I -= 23A V = 180V 
^ — sc oc 

Dj - 3 X IN1202A 3.96 

Qj - 3 X 2N3716 4.45 

- 3 689 series 



CR - 


- 

W - 


HS 


1.44 
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sockets 

and 2W carbon 
CR - 1 KUP1AA55 - 115D 
PS - 6 Vdc power supply 
W - 63 ft. ItU PVC Q .056 


Model 


17.28 + INT 


17.28 + INT 


sc 

8 


sc 

8 


A-15. Trl-State Control 

This configuration is similar to 
the array . 


.63 

.60 

7.28 

10.00 

3.52 

$31.88 


(see 6.3) 


(3.70) + INT 


I 1.3 

sc 

17 


X 0.27 X 6 (see 6.3) 


For V 


oc 


240 


(4.75) + DiT 


I 1-3 

X 0.27 X 6 

For V - 360 
oc 


for 7/10 of the array and to 


for 3/10 of 


Major Components 

D, - coupling diode V , I 
1 1-0 oc sc 

Q, - (on-off) transistor 0.3V , I 

1 oc sc 

HSj^ - essentially 8W/Qj^ 

Q, - 0.3V^^, I_, P. - 2.1% I X 

2 oc sc d no 


no 

HS., - 30°C rise over T for 2.1% I x V 
2 a no no 


PS - becomes part of PC 
CR - as in 
W - as in 
PC - as in 


; Example (3 kW system) 

I 

sc 

- 23A* V - 180 
oc 


I 

- 21. 4A* V - 141V 


no 

no 

Oj - 2 X 1202A 


3.96 

Q - 2 X 3716 

• / 


2.97 

HSj - 2 X 689 


.96 

Qj - 1 X 2N6284 


3.00 

HSj - 1 X 423A 


4.26 

CR - KUP14A55 - 115D 


7.28 

W - 63 ft #14 PVC @ .056 


3.52 

PC - 


37.00 

sockets* resistors* etc. 


1.22 

$64.17 


Model 


$ - 44.28 + INT 
I 


INT 


sc 

17 


I V 
no no 

2380 
1.3 

X 0.27 


(8.82) + INT 


sc 

11.4 


(3.70) 


A-16. Series-Switched Regulator 

The design of this charging control is coasplex (see section 6.4). The component 
sizes depend upon design assumptions which do not readily permit modeling. 
However, as an Illustration of cost a 3 kW control is designed (section 6.4) and 
the component costs outlined below. 

Major Components (load - 4A at* 141 volts) 

Q, - V , I , Darlington (for control) 
i oc sc 

BS - a'pprox. Pj - 2 x 

CR - V , I (each contact) 
oc 5>C 

L - 15 mH, 4A, R, 1 (ferrite toroid) 
dc 

C - 1.7 r, (plastic film only) 
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D, - V .1, . 

1 oc load 


V - tenp compensated voltage reference (at + 
3-Zeners 3-diodes) 


Cost Estimate 


Qj - 1 - IR5060 
HS - 1 - type 623 
L - 1 - special (est) 

C - 1 - GE-97F8511FB 
Dj - 1 - IN1202A 
CR - 2 - P i B KEUP 
OA - including socket, R^ 
PS - ±15 Vdc power supply 


voltage level (probably 

4.31 
1.51 

15.00 

6.50 

1.32 
14.04 

1.50 

20.00 

3.39 

$67.57 


VR 


3 - IN5261 
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TEMPERATURE CONTROL OF BATTERIES BY MEANS OF UNDERGROUND STORAGE 


A conceptual study was undertaken to determine the feasibilit/. of 
underground storage of batteries, as a means of maintaining the temperatw^ 
of the batteries at a level which would prolong the life of the batteries. 

For this study the soil and weather conditions of Phoenix, Arizona was used. 

A nine (9) cell battery package (3 cells per pack) enclosed in a V thick 
thermoplastic box of the following dimensions: 27” wide X 27.5" long X 24" high 
was evaluated thermally for locations at ground level, two (2) feet below ground 
and four (4) feet below ground. The maximum thermal dissipation of each cell was 
5.7 watts. 

The temperature excursions of the batteries over a period of 72 hours for 
the three (3) conditions studied, both for summer and winter is displayed 
in Figure 1; 

The temperature performance of the batteries for the extremes of summer 
and winter seasons are summarized below in Table 1. 

TABLE 1 


Season 

Max. 

Location 

Temperature 

op 

T C^cle 

Summer 

Above ground 

104.5 

8.5 


2 feet below ground 

96.9 

4.6 


4 feet below ground 

85.7 

0.9 

Winter 

Above ground 

60 

7.5 


2 feet below ground 

65 

3.5 


4 feet below ground 

64.5 

1.0 
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APPENDIX C 


SOLARLOK CONNECTORS 




AOV. OEV. lU.. lAMCO, FL UM« 



( 


AOLG^^I amp* Solarlok connector 


*0V. Otv. Wl.. WROO. n. 


INSTRUCTION SHEEj 
IS 7405-211-4 


Published 1-5* 


HARNESS CONNECTOR 



V 


PIGUnE - I4 


li . 1 Harness Connector 

Pic 7 .irc->'i iiepicts the vre- 
asci-blod II -.r.' -.ess Co;;noctor. 
•rjaick ;r.at’n(j and ’in':. -i ting of 
the Harness Connector to and 
fm the r.;3 Bar Henning Is 
aocoriollshe i by tiie integral 
r.'Ol'led laldios. 

U.2 To u.atc the Hir.ness Connector, 
it is g'jided into the Bus Bar 
Housing ca/ity in 2 sy-uotrical , 
positive orientatif'n ur.-til the 
t-o cc.nnoctjrs botton out. 


1 

L.3 With slight additional tress ore . 
applied to the back of the I 

Harnc.ss Connoctor, the 2 latches * 
will snap in place on the Bas Ear 
Housing latch embossments. | 

li.H To un-;ate, the 2 latches are 

sii.iul taneously decressed in: ari T 
by tluaib an i in lex finger in the | 
area provided by the latches. 

1 


7 

JL 
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FIGURE-U 


3.1 "o untlr.g Bus Bar Kousin? 


Cn UiC ViJ-i rsi'le Ilousjng s’orface, 
a sx' ;?lot is located for 

the Bus Bar ttb entry. Fositicn 
and gui'jd the Rousing coated with 
ac}j‘‘:sive in a .lanner to allow t}ie 
Bus B?r tab, to enter into the 
llvusinjs through the rectangular 
slot. 


3.2 The inside top surface of the 
Housing also hos an undercut 
rectangular slot d'rectly in line 
with the slot re^'erre-i to in 
paragraph 3 * “I* Ensure that tlie 
Bus Bar tab is g-jidel into and 
seats (iiroctly into t!«o internal 
rectari.j’ilar undercut. 

3.3 In tl»e foregoing steps care should 
bo tahen not to wipe any adhesive 
onto the Bus Bar tabs . 


* OF AI-1? INCOP.rOnATrlB 


3.I1 With the lousing adhesive coated 
surface in contact with the Solar 
Kouule launinate, clamp together 
the Bus Bar Houbing top surface 
and the underside surface of the 
Solar Module with a suitable 
damning device. 

3.5 Wipe off any excess adhesive as a 
result of the clomping pressure ' 

3.6 Allow at least 30 mhmtes for the 
adhesive to cure. 







adl 

AOV. OCY. lAI., LARGO. FL UM9 

AMP* SoLARLOK CONNECTOR 

P T_ 

INSTRUCTION SHEI 4 

IS 7405-211-2 



Published 1*5'bl 


BUS BAR HOUSING ' 


MATTE 

SURFACES 


BUS BAR 
SLOT ^ 






CHANNEL. 

GROOVE 




ADHESIVE 
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FIGURE -2 


2.1 Bus Bar Housin# 


There are two matt textxired 
surfaces on the underside of 
the Bus Bar Housing, indicated 
by arrows in Figure -2. They 
are separated by a groove. 

Both of those matt surfaces 
require adhesive for attach- 
ment to the Solar Module. 


2.2 Scotch-Weld , a 2 part Structural 
Adhesive #^501 manufactured by 3M 
Company vas found to be suitable 
in the application tested. Other 
commercially available epo:'y type, 
Low-Coming Structural Adhesives 
may be suitable as well. Use in 
accordcince with manufacturers’ 
instructions. 

♦TRALD^IARK 0.^ AM? INCORPORATEL 
-tTRALEMARi: 0? i;*. CO'E’AIT 


2.3 Apply adhesive on the underside 
Bus Bar Housing surface only. 
Observe that the adhesive coverage 
on the surfaces is complete and no 
voids are visible. 

2.L| Avoid adhesive in the Bus Bar slot. 
Except at both ends of slot approx. 
•J" from ends of housing where 
adhesive is needed to complete 
sealing. 


PRELEslINAIii^ 


I 






ADV. 0(V. lAI . lARCO. FL UM 


AMP* S OLARLOK 

CONNECTOR SYSTEM 


INSTRUCTION SHEET i 

IS-7405-211-5 ! 

Published 1-5-81 




V m 






.H 






?ig’j:-:2-5 


r Irsta l l_a lien 

• j .••'i I’-.i-* -?t'-<od ’.:jod to 
•j'ui.0 >.' i ooldT K' culc, Ilia 
r I -b • ./ or '. >y rot road to 
t tn V •« } rT.i'.?. 

- :.-i ■ «i- »b to bo 

« < •; IJ.j. od to 

bjlo l.-..:? M':tlon, tlio 
j.-<3 offc-:vd as a 

“ ■’■ Mon vOiv. 

0 ?.;r in s-n r^hc'.^Ti 

cl (l) in fit;uro-5, 
ica rar.ijj.-j ''ixlnre ovc-r the 
r as sl.:-;n in I-.' j-jra-5 
(?). 


5.J| Kold fiyt'.i'-a T'irjily =iai!'st the 
flat Bus o--r :-v.rraoe and apply 
rooderrile p.-; . 

5.5 Si;.' jII- ■ . :s''y -.s-ilh the free hand, 
bend Bus B-iC tab 5G*in the outward 
cUrecti:.s with finders to position 
c'lcwn in l'icrire-5 label (3). 

5 .^ '..Tion the Solar Module lasinatir.'j 
piccr*:;s is ccs::ilete to the e^dtent 
which wj]l nllrw the Bus Bar tab 
to bo rel'.aTi'.-d to its original 
pcsition, repeat steps 5.3. 5«U 
and 5*5 oxopt bor.i tab up 90 
to p'csiti.n ■'aboled (2). 
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BATTERY MANUFACTURERS DATA 
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WHAT IS PH0T0V0LTAIC5? •] 

Photovoltaic energy conversion is the process 
of converting sunlight directly into electric energy. 
As the cost of energy from traditional sources con- 
tinues to rise, and as the cost of converting sunlight 
into electricity decreases, photovoltaic systems are 
becoming an economic reality. 

Some photovoltaic applications require contin- 
uous energy 24 hours a da^. If ^o utility grid or 
back-up exists to supply power when there is no 
sun, then batteries are required. Lead-acid batteries, 
todcv’s most reliable energy storage devices, have 
been adapted by C&D to meet the special demands 
of photovoltaic applications. 


TYPICAL PHOTOVOLTAIC CIRCUIT 


Typically, photovoltaic systems consist of solar 
cells assembled in an array to produce a nominal 
output of six or 12 volts. Arrays are added to the 
system in series to increase voltage or in parallel to 
increase current. The array is then connected to the 
battery through a voltage conditioning circuit which 
protects the array from battery voltage and protects 
the battery from over- and under-voltage. 




The battery, connected to the load through a 
low-voltage sensing circuit, stores energy from the 
array for use when there is little or no available solar 
energy — nights and overcast days. 

During high solar energy periods, the array 
supplies the routine needs of the load and maintains 
the batteries in a charged condition. 

The output of a photovoltaic array is determined 
by the intensity of the sun and is rated in peak watts 
— the output in watts at peak solar intensity. 

The solar intensity will vary depending on the 
time of year; in the northern hemisphere it's less 
intense in the wintertime than in the summer. 


SEASONAL SUNLIGHT VARIATIONS 
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TYPES OF photc'/olt; 
APPLICATIONS 


$ 

1 


Batteries for photovoltaic systems fall into one 
of two application types. These are based on the 
percent of the batteries' capacity that may be used 
in a given period of time; the applications are referred 
to as either "shallow cycle" or “deep cycle". 

- -->ww l| 

SHALLOW CYCLE • 

Shallow cycle applications are usually located 
in areas where there is no utility or emergency back- 
up power supply. Therefore, the battery must have 
sufficient capacity to provide energy for the maximum 
number of sunless days. 

Shallow cycle applications require a discharge 
that is only a small portion (up to 20%) of a battery's 
capacity. 



SUMMEH WINTER SUMMER 

SEASON 

SHALLOW CYCLE SYSTEM 
STATE-OF-CHARGE vs. SEASONAL VARIATIONS 


Therefore, when sizing a battery both the annual 
sunlight conditions and the worst case sunless days 
for that location must be considered. 

» .... I ..■■ tw.M .i . Rii - 

DEEP CYCLE 



Deep cycle applications are those which utilize 
up to 80% of the battery capacity every one to three 
days. These types of application usually require 
emergency back-up (i.e. utility grid or diesel genera- 
tor) to recharge the battery in case the sun doesn't 
shine for several days. 

Since these batteries are discharged deeply 
(cycled), their physical make-up and construction is 
completely different from a shallow cycle battery, as 
described later. 

Very short battery life will result if a shallow 
discharge type battery is applied to a deep discharge 
application. 

APPLICATION EXAMPLES 


Shallow cycle: 

• Microwave repeaters 

• Railroad crossing gates 

• Communication towers 

• Navigational aids 

• Cathodic protection 


Rule of thumb: A shallow cycle battery can be dis- 
charged up to 20% of its rated capacity on a daily 
basis — and occasionally be discharged to 80% of 
its rating. 


Superimposing a daily 1 0-20% discharge on the 
annual sunlight variation curve results in the state-of- 
charge curve marked in red 

In addition to changes in annual sunlight inten- 
sity. the number of sunless days that can occur at a 
specific latitude must also be considered V.fhile only 
1 0% may be taken out during a specific period, this 
limited discharge may be continued for five to 20 
days before sufficient sunlight is available to return 
the battery to a higher state of charge. 

By oversizing the array, a higher state-of-charge 
-an be maintained on the battery, as shown by the 
dashed line in the above curve However, this 
practice does not allov/ maximum utilization of 
batteries built by C&D 


Deep cycle: 

• Village electrification 

• Residential (home owner) 

• Public park visitor center 

• Rural electrification 


Rule of thumb; A deep cycle battery can be discharg- 
ed up to 80% of its rated capacity on a daily basis. 
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BATTERY CONStRUCTlC; i .* 

— • • - — - — - — I 

Photovoltaic applications can impose harsh 
conditions on a battery. They must operate over a 
wide range of ambient temperatures, receive little 
or no maintenance and. worst of all, must perform 
most of their life in a partial state of discharge. 

C&O is aware of these special demands and 


offers our customers a battery especially designed 
to meet the challenge. 

Only C&D Batteries offers an exclusive line of 
lead-calcium alloy batteries to meet the rugged 
requirements of all photovoltaic applications. And 
we do it with a proven history of performance. C&O 
was the first battery manufacturer to utilize battery 
grids made from lead-calcium alloy instead of the 
antimonial alloy used in conventional batteries. 

C&D calcium batteries offer four distinct advan- 
tages over antimony batteries; 










A. Significant reduction in cncn 
circuit stand losses. S.ee ch'.rt 
below. 


1. Use smal’er array. 

2. More battery energy goes to the load. 


B. Less water consumed by y 1 . 

on charge. 

C. No transfer of antimony to 1. 

negative. 


3. 

D. When operated at prooer feat 1. 

voltage calcium cattery f'ever 2. 

needs equalization charge. 


Loitger intervals between watering which 
means less maintenance. 


Reduced charge current throughout life of 
the battery wnich improves recharge 
efficiency. 

Possibly a smaller array can be used. 

More pov.er to the lead as tne battery ages. 

Longer battery life. 

Less maintenance. 



C&D batteries for photovoltaic applications are 
designed with extra electrolyte volume This permits 
operating the battery to greater depths of discharge 
without concern for freezing, thus permitting greater 
power utilization over a wider ambient temperature 
range. 

This abundance of electrolyte also increases 
cell capacity and reduces the frequency of watering 
requirements. 

The following graphs show the effects of temper- 
ature on battery capacity and on the freezing point 
of electrolyte. 
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C&D Batteries goes one step further to present 
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CAPACITY vs. TEMPERATURE 



ELECTROLYTE FREEZING PT. vs. TEMPERATURE 
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All C&D batteries for photovoltaic applications 
utilize a mechanical retention system that ho'ds the 
active material in place in the grids. Active material 
is what makes the battery work — the longer it is 
kept in contact with the grid the longer the battery 
will last. 

Slyver-Clad-, a parallel glass filament mat. is 
wrapped around the positive plates to keep active 
laterial in place. A Polyweb- expansion mat is 
added for the shallow cycle batteries while deep 
cycle batteries have two glass expansion mats and 
a Koroseal* retainer. 


a product that will lower the cost of system ownership. 
When buying a C&D battery for photovoltaic applica- 
tions. you purchase a product that is designed 
specifically for the purpose and one that will 
generate trouble-free power for years to come. 
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STANDARD 0?T\Cr-. ] 

(PRE-ENGirJEERED) 1 

» * 

*' — — - ■ - - — *-** — 

C&O has develooed a number of standard op- 
tions that provide special benefits for various photo- 
voltaic applications. These are listed as follows; 


OPTION 1 • Battery Enclosure 



• Hinged, lockable cover 

• Rust resistant epoxy powdered steel tray 

• Drip-proof construction 

• Feet and handles for ease of handling 

• Battery installed and prewired to terminal box 

• Burned on positive cable connection increases 
connection reliability 

• Batteries available in 12-volt configurations 

• Insulated enclosure 

• Space available for gas recombiner option 

The only thing required of the customer is to set 
the enclosure on a prepared site (level concrete or 
gravel), install the two leads from the photovoltaic 
system and the C&D battery is ready to function. For 
system voltages with greater than 1 2 volts, connect 
battery in series (i.e. two enclosures in series = 24 
volts). 


OPTION 2 ■ Gas Recomblners 
for 
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Catalytic action recombines the hydrogen and 
oxygen gases, generated during end of charge, 
back into water, thus significantly reducing the 
frequency of watering of the cell. 

One recombiner per cell is required and can 
only be used with lead-calcium batteries. 


1 



OPTION 3 • 

for 

Deep 

Cycle 

Batteries 


Interconnects 




Interconnects 



This feature is recommended for applications 
where a large number of cells are used ano provides 
the following benefits: 

• Fast and easy installation. No torque wrench is 
required to connect intercell parts. 

• Reduced maintenance because of; 

- Burned on post connectors reduce corrosion 
points 

- No periodic retorque of intercell connectors 
is required. 

• Snap lock closure for quick positive connection 


OPTION 4 • Electrolyte Circulation Pump 



To properly mix the electrolyte during charge it 
is recommended that deep discharge batteries 
have an end-of-charge voltage at 2.6 to 2.65 volts 
per cell. If the photovoltaic panel cannot generate 
this recommended charging voltage, tnen electrolyte 
circulating pumps are recommended for installation 
into each battery cell. The pumping action is created 
by the bubble of air emitted from tube A and traveling 
up the inside of tube B. This option prevents electro- 
lyte stratification which is one of the major causes of 
reduced battery life. 

Not included with this option is the external air 
power supply or the interconnecting tubing. 
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Recommended end of charge voltage — 2.50 to 2.55 volts per cell ® 77*F (25*C) 

Specific gravity © 77*F (25*C) — full charge — 1.300 

Recommended start of charge current — up to 20 amperes per 100 AH rated 8. Hr. capacity 































SPECIFICATIONS — TYPE QP BATTERIES 

DEEP DAILY DISCHARGE BATTERIES 
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Sales and Service in 
Principal Citiesfrom Coast to Coast 


PLANTS 

CALIFORNIA — SANTA ROSA 
GEORGIA - CONYERS 
INDIANA - ATTICA 
INDIANA — BROOKSTON 
NEW YORK - HUGUENOT 
PENNSYLVANIA - BECHTELSVILLE 
PENNSYLVANIA - CONSHOHOCKEN 
PENNSYLVANIA - EAST GREENVILLE 
PENNSYLVANIA - LEOLA 
PENNSYLVANIA - PENNSSURG 
TENNESSEE - DUNLAP 
TENNESSEE - PIKEVILLE 
BRAZIL - SAN PAULO 
CANADA - PERTH, ONTARIO 
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C&D Batteries is the largest manufacturer of in- 
dustrial batteries in North America. V>/e have 14 
plants throughout the United States and Canada 
and over 75 sales and service facilities These 
facilities are staffed with factory-tramed. hignly 
competent personnel who can size the proper 
battery for your needs • and then make sure it 
continues to serve you properly. 

Achieving this prominence in American industry did 
not occur overnight • and it certainly wasn't by 
accident Starting back in the early '40’s. already m 
the battery business for their fourth decade. C&D 
concentrated their efforts on industrial batteries 
with the same traditions of quality, dependability 
and development These traditions have become as 
synonymous within industry as our C&D logo. 

The list o! C&D firsts in new product development is 
long and impressive Briefly the list includes pi- 
oneering lead-calcium as a grid alloy m many new 
fields, adapting high-impact plastics for battery jars, 
improvement of a glass filament material called 
Slyver-Ciad' as a plate retainer wrapping, and of 
course the ferroresonant charger. Now these are all 
accepted as industry standards. 
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TITLE 


number 


REV 


PRODUCT SPECIFICATION C 

SOLAR CELL MODULE 


MODULAR STAND-ALONE SYSTEM code .dent no. 
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PRODUCT SPECIFICATION 


SOLAR CELL MODULE 
MODULAR STAND-ALONE SYSTEM 

1 .0 Scope 

This specification defines the requirements for the design and 
construction of photovoltaic solar cell modules (herein referred 
to as the module ) to be used for terrestrial applications. 

1 .1 Design Requirements 

The module shall be designed to meet all requirements specified 
herein. Designated tests shall be successfully completed 
demonstrating the ability of the module to meet all performance 
requirements of this specification. 

1 .2 Deviations and Changes 

Deviations from or changes to this specification shall not be 
allowed without written authorization from Hughes. 

2.0 Applicable Documents 

2.1 Government Documents 


The following documents, of the exact issue shown or of the current 
issue when no date is shown, form a part of this specification to 
the extent specified herein. In the event of conflict between the 
documents referenced herein and the contents of this specification, 
the detail contents of this specification shall be considered as 
binding. 


I 



3.0 


3.1 


3.2 


3.2.1 


3.2.2 


3.3 

3.3.1 
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JPL 5101-83, Block IV Solar Cell Module Design 
and Test Specificlatlon for Residential Applications 
(November 1 , 1 978) . 

JPL 15101-138, 1982 Technical Readiness Module, Design and 
Test Specification - Intermediate Load Applications - 
(January 15, 1980). 

Requirements 


Functional Description 

The module specified herein shall be used to convert solar energy ; 
to electrical energy In terrestrial applications. 

Performance 


The photovoltaic module shall provide the required power output 
when subjected to the specified test conditions. 


Power Output 



Power Output 

Configuration 

Minimum Lot Average 

Module Minimum i 

-1 

33 Watts 

31 .5 Watts 


(2.04 amps) 

(1 .94 amps ) 

-2 

66 Watts 

63 Watts 


(4.07 amps) 

(3. 89 amps ) 


Test Conditions 
Solar “intensity 
Cell temperature 
Test voltage 


1000 W/m^, AM 1.5 
28* C minimum 
16.2 volts minimum 



f 


Design ^ 

j 

Electrical Design -, 

All module circuitry, including output terminations shall Le insulafi^d 
from the electrically conductive external surfaces. Leakage curren*-* 

L 
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shall not exceed 50 microamps when a potential of 3000 VDC is 
applied between the external conductive surface and the output 
terminals. 

Electrical Interface 

Each terminal on the module shall be equipped with an AfiP SOLARLOK 
connector bus bar housing No. 121044-1. The polarity of each 
socket shall be clearly marked in a permanent and legible manner. 
Positive and negative terminals shall be located at opposite ends 
of the module. 

Bypass Diode 

Each module shall have at least 3 encapsulated bypass diodes. Each 
diode shall be connected in parallel across no more than 12 series 
connected solar cells. The forward direct current capacity of the 
diodes shall be greater than 1.1 times the module short circuit 
current and derated for a temperature of 75® C. The peak inverse 
voltage rating of the diode shall be not less than 1000 volts. 

The diode shall be designed and mounted so that heat generated 
from diode forward current operation shall not damage the module. 

Reliability and Redundancy 

The module shall meet or exceed the reliability and redundancy 
requirements of Section II, Part B, Paragraph 4 of the referenced 
JPL Specification 5101-83. 
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3.3.2 


Mechanical Design 


.3.2.1 Geometry 

Overall dimensions and hole locations shall conform to Figure 1. 


3. 3. 2. 2 Optical Surface • • 

The illuminated optical surface of the module shall be tempered 
low iron glass and shall conform to the requirements of Section II, 
Part C, paragraph 3 of the referenced JPL Specification 5101-83. 

3. 3. 2. 3 Interchangeability 

All modules shall be physically interchangeable. 

3. 3. 2. 4 Defects 

3. 3. 2. 4.1 Rejections 

Modules with the following defects shall not be accepted: 

a) Cracked or broken front surface 

b) Cracked or broken frame 

c) Cracked or broken solar cells 

d) Cracked or broken interconnects 

* e) Cells with unsoldered solder joints 

f) Laminate voids greater than 1/4 inch diameter 
and 1 square inch total area per module 

g) Loose or broken terminals 

h) Broken diodes or diode connections 


3. 3. 2. 4. 2 Allov/able Cosmetic Defects 

At the discretion of Hughes, selected cosmetic defects which do not 
affect form, fit, function or reliability may be permitted. 
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Operational Life 

The module shall be designed for an operational life of 
at least 20 years. 

Environment 


As a minimum the module design shall be capable of withstanding 
exposure to the environmental tests defined in Section V of reference 
JPL Specification 5101-83. The module shall also be capable of 
meeting the requirements of the Hot Spot Endurance Test of Section II, 
Part B, paragraph 5 of the JPL Specification 5101-138. 

Identification 


Each module shall be legibly identified with the following; 

a) Seller part number 

b) Serial number 

c) Current at test voltage 

d) Month and year of manufacture 

Quality Assurance Provisions 


General 


The product covered by this specification shall be subject to 
inspection and testing by both the seller and Hughes in accordance 
with the quality assurance provisions of this section. 

Interface Control Drawing (ICD ) • 

Prior to the manufacturing of modules for this Hughes program, the 
vendor shall generate an "Interface Control Drawing" (ICO). This 
drawing shall identify the configuration, dimensions, parts and 
materials used in module fabrication. This ICD shall be submitted 
to Hughes for approval prior to module fabrication. Any changes 
thereafter to the ICD shall be submitted for approval to Hughes prior 
to intended implementation of such changes. 
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RcquiremGnt Verification 

• • 

Test and/or Inspection 

Requirements specified in Section 3 of this specification and 
listed in 4.2.3 (Requirements/Specification Matrix) shall be 
verified by the applicable paragraphs of Section 4. 

■.’■-4.2.2 Certi fication 

Requirements specified in Section 3 of this specification not 
verified by inspection or test shall be satisfied by a submittal 
to Hughes of documentation shov/ing evidence of conformance in the 
/form of data and/.or test reports. 


4.2 

^ 4.2.1 


. 4.2.3 


Requirements/Verficiation Matrix 


m 

. Requi rements 


Title 


.f 


Verification Method 
Paragraph No. 


3.2 


Performance 

4.4.2 

3. 3. 1.1 


Electrical Voltage Insulation 

4.4.3 

3.'3.1.2 


Electrical Interface 

4.4.1 

3.3.1. 3 


Bypass Diodes 

4.2.2 

3. 3. 1.4 


Reliability and Redundancy 

4.2.2 

3. 3. 2.1 


Moisture Protection 

4.2.2 

3.3. 2. 2 


Geometry 

4.4.1 

3.3.2. 3 


Optical Surface’ 

4.4.2 

3.3. 2. 4 


Interchangabil ity 

4.2.2 

3.3. 2. 5.1 

(a-g) 

Rejections 

4.4.1 

3.3. 2. 5.1 

(h) 

Broken Diodes or Diode Connections 

4. 4. 1/4. 4. 4 

3.4 


Operational Life 

4.2.2 

3.5 

. 

Environment 

4.2.2 

3.6 


Idonti fication 

4.4.1 
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Inspection and Test Methods 
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Hughes Source Inspection 

The Hughes Aircraft Company, may, at its option, provide 
inspection to monitor the seller's quality control procedures. 

The completed hardware may be source inspected by Hughes to assure 
that the product conforms to all the requirements specified on 
the applicable drawings and specifications. 

Test Location 

Unless otherwise specified in the contract, 

acceptance tests shall be performed by the seller at the seller's 
plant. If the use of outside test facilities is required, such 
use shall be subject to prior approval by Hughes. Hughes shall have the 
right to witness, inspect and review all acceptance tests. 

Test Conditions 


Unless otherwise specified herein, all tests shall be performed 
at the following nominal ambient conditions: 


a) Temperature 

b) Relative humidity 


+25 degrees + 5 degrees C 
No greater than 50^ 


Test Equipment 


Test Equipment Accuracy 


All meters, scales, thermometers ’and similar measuring equipment 
•j«ed in conducting tests specified herein shall be accurate within 
one percent of full-scale value except temperature which shall be 
accurate within + 1“C. Full-scale deflection of meters shall not 
be more than twice the maximum value of the item being measured. 
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4. 3. 4. 2 


Test Equipment Calibration 


All test apparatus shall be calibrated at proper Intervals and 
records of such calibration shall be available for Hughes inspection. 
Hughes may examine the seller's test equipment and determine that 
they are of the proper type and range to make measurements of the 
required accuracy and are in calibration. 


4. 3. 4. 3 Solar Simulator 


The solar simulator shall be capable of simulating air mass 1.5 

2 

spectral conditions and a solar radiation intensity of 1000 W/m . 

The solar simulator intensity shall be calibrated and verified using 
a Hughes approved standard solar cell which is traceable to a JPL 
calibrated standard. The simulator may be either a constant xenon 
light source or pulsed xenon type. 

4.4 Acceptance Tests 

4.4.1 Examination 

Each module shall be visually inspected for compliance to the 
following paragraphs: 3. 3. 1.2, 3. 3. 2. 2, 3. 3. 2. 5, 3.6, and the 

ICO (4.1.1). 

4.4.2 Electrical Performance 


The seller shall test each module under the test conditions 
specified in paragraph 3.2.2 to verify the output requirement of 
paragraph 3.2.1 The solar simulator used for this test must 
comply with paragraph 4. 3. 4. 3. 
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A full current-voltage (I-V) characteristic curve is required 
for each module. If a pulsed xenon type simulator is utilized, 
a minimum of 5 data points along the I-V curve is required including 
short circuit current, current at rated voltage and open circuit 
vol tage. 

Electrical Voltage Insulation Test 

Each module shall be subjected to a "Hi-Pot" test conducted with 
the output terminations shortcircui ted . The leads from a suitable 
dc voltage power supply shall be connected with the positive lead 
on the terminals and the negative lead on the module frame. Voltage 
shall be applied at a rate not to exceed 500 V/sec up to the test 
voltage of 3000 Vdc, and then held at this test voltage for at least 
1 minute. The module shall be observed during the test and there 
shall be no signs of arcing or flashover. Leakage current shall 
be monitored during the test and shall not exceed 50 microamps. 

Diode Verification Test 


A diode verification test shall be performed on each module to insure 
that none of the bypas*; diodes or their associated connections 
have open or short circuits. The procedure for this shall be 
submitted to Hughes by the Seller for approval prior to performance 
of this test. 

Hughes Electrical Performance Tests 

Upon preparation for shipment of each lot of modules Hughes will 
randomly select one module for each 25 modules in the lot. These 
selected modules will be retested by Hughes in accordance with 
paragraph 4.4.2. If the Hughes average values of power at the test 
voltage for the sampled modules vary from the vendors values by 
more than 2 %, acceptance of the shipping lot shall be withheld 
pending further testing and investigation. 
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Rejection and Retest - Production Modules 


Rejected Modules 

Rejected modules shall not be resubmitted for acceptance without 
furnishing full details concerning the rejection, the measures taken 
to overcome the defects, and the prevention of their future occurence. 
Each rejected module shall be identified by a serialized rejection 
tag. This rejection tag shall not be removed until rework 
requirements have been complied with. 

Defective Modules 

Notwithstanding the warranty of individual modules, if, after 
receipt by Hughes, a significant number of modules prove defective, 
such as to indicate a vendor manufacturing problem, the entire 
lot may be rejected. 

Retest 


Any unilateral changes from Paragraph 4.1.1 by the supplier in 
manufacturing techniques, processes, materials, quality control 
levels, or type of manufacturing equipment shall be cause for 
rejection of subsequent modules. 

Test Records 

Records shall be kept of all tests and of all applicable manufacturing 
data, and these records shall be made available to Hughes. All 
physical markings, defects and other visual characteristics shall 
be noted and recorded as a portion of the test record. The I-V 
curve for each module shall be delivered to Hughes. 
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Preparation for Delivery 


Packaging 

The Seller shall package the modules into shipping containers 
which adequately protect the modules from shipping damage. 

Module containers shall be assembled onto and tied down to a 
pallet for shipping and storage. 

Marking 

Each module shipping container shall be legibly Identified with 
the following: 

a) Hughes part number (specification number). 

b) Seller's part number, serial number(s) and quantity of modules. 

c) Lot number If applicable. 

d) Month and year of manufacture. 

Warranty 

The contractor shall warrant that the solar cell modules offered 
will be free from defects in material, workmanship, and performance 
for a period of not less than two years after acceptance by 
Hughes Aircraft Company. During the warranty period all modules 
found to have defects not caused by misuse or accident through 
fault or negligence by Hughes or end user must be replaced at 
Seller's expense. 
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COMMENTS ON THE PROBABILITY OF A LIGHTNING STRIKE (WITH AND 
WITHOUT "LIGHTNING RODS"). 

Lightning is a diverse phenomena, made more diverse by the vaiia- 
tlons in topology at the earth’s surface - it is not surprising 
that a finding under one set of conditions is sometimes mis- 
applied to a different circumstance in which the original fin- 
ding is invalid because of altered conditions. As an example, 
consider the statement "tall structures attract lightning, 
therefore if I put a lightning rod (tall structure) on my house 
there will be more lightning strikes on my property," This 
statement may or may not be true depending upon the height of • 
your house and the lightning rod and the height of adjacent 
structures . 

Let's examine the generally accepted sequarice 1, 2, 3, leading 
up to a strike. Negative charges build up on the major portion 
the bottom of a cloud (there are various theories as to why, 
but they do) . Positive charges are induced at the surface of 
the earth under the cloud. In general, charge mobility on the 
earth is much greater than that in the cloud. Accordingly, the 
potential difference between earth and cloud increases until a 
"pilot leader" or "step leader" initiates a relatively slow 
moving conducting channel. The pilot leader advances in spurts 
of 10-200 m at intervals of 40-100 uS,^ Each branch of the 
leader is probing for any optimum path between cloud and earth, 
some are abandoned and new paths tried giving the typical 
"forker" appearance seen in photographs. This process continues 
until the head of the leader is roughly 100 m from the earth (or 
its elevated structures). This progress will have consumed per- 
haps 20 mS and up to this point the leader has no specific strike 
point - it is simply chasing positive space charge. 

Meanwhile on the earth (if the '’eader is coming from the cloud) 
a further movement of charges occurs from the displacement current 
created by the advancing leader. The closer the leader approaches, 
the more concentrated are the charges owing to both decreased 
area and increased current. Eventually the displacement current 
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Is supplemented by point discharges from the earth wherever there 
Is a concentration of electric field. At this point one or 
several arcs form and move upward to meet the step leader. The 
one which meets the step leader 50-70 m above the earth deter- 
mioes (by its point of origin) the point where we say lightning 
struck. The main discharge or return stroke occurs rapidly after 
the two leaders meet. The damage occurs in the return stroke. 

It is worth noting tha^ the cloud chiefly determines the timing 
and the general area of the strike, the field configuration at 
the surface of the earth determines the specific spot within 
that area. 

As an example of extremes let's consider on one hand the Empire 
State Building and on the other a groundwire canopy 10 m above 
a metallic structure 5 m in height and 100 m x 100 m in surface 
extent, such as a large PV array. At a height exceeding 1000 ft., 
and with a high ratio of height- to-width in the upper structure, 
the Empire State Building clearly alters the profile of electric 
potential on the earth side of the earth-clound system. The con- 
centration of electric field strength (potential difference per 
unit length) is generally approximated by the height to width 
ratio of any protuberance in any otherwise flat conducting plane. 
Thus the dimensions of the Empire State Building greatly multiply 
any electric field in the cloud-earth system with the greatest 
multiplication at the very top. The 1250 foot height is signifi- 
cant with respect to cloud-earth spacing of 2000 - 6000 ft. As 
a result it is not surprising that the Empire State Building is 
struck by lightning with greater- than-norma 1 frequency. One 
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study has shown that in 80% of the strikes, the building origi- 
nated the step leader not the cloud. One might say that the 
Empire State Building not only attracts lightning, it generates 
it: 

In contrast consider a 100 m x 100 m PV array structure 5 meters 
in height. As a protuberance on an otherwise flat earth, it 
enhances the electric field bv (5/100) or 5%. We should expect 
that the structure will be struck with si ightlv greater 
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than an open earth of 10 sauare meters in the immediate vicinity. 
The upper corners of the supports have a relatively high height- 
to-width ratio and thus will most frequently be the points from 
which the are proceeds upward to meet any step leader which occurs 
in the array's area. In short, the existence of the structure 
may^ have a negligible effect of strike rate, but it insures that 
any strikes which do occur in the immediate area will hit the 
array. . 

Now let's suspend 10 ground wires' Cet 10 m intervals) over the 
array structure at a total height of 15 m. These wires are tied 
to a good local ground, for ample, a counter poise under the 
. array. The support structures are in turn tied to the counter- 
poise also. Thus, the array exists in a field - free region 
between the overhead grid and the earth - counterpoise ground. 

The concentration of field will be slightly increased. However, 
in the context of a 600 - 2000 m cloud-to-earth spacing the addi- 
tional 10 m is trivial. However, what has been accomplished is 
the near. 100^ assurance that strikes which occur in the area will 
hit the ground wires and will not hit the array . 

Some idea of the effect of structure height may be gained from a 
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Westinghouse study which concluded that probability of strike.? 
increased linearly with height from 50 - 500 feet. For height? 
greater than 500 feet, the probability increased much more than 
linearly. As in example the Empire State Building^ (1250 ft.) 
experienced an average 23 strikes/yr,, while 10 towers of 100 ft. 
experienced 0.2 strikes/yr. This is a 100:1 difference in rate 
for a 12:1 difference in height. 

An examination of the Westinghouse data leads* to an interesting 

observation. A single mast 15 m high has the same strike proba- 

2 ' 

bility as a 4,000 m structure only 3 m high. In short, the 5:1 
increase in height is offset by the approximately 1:5 difference 
in equivalent area (assuming the mast has an equivalent area of 
a circle with r= to the mast height). This gives credence to 
the view that for small heights strike probability is roughly 
proportional to area of the structure and also proportional to 

C - V 


4 

ORIGINAL PAGE V3 
OF POOR QUALITY 

height abovr the earth. 

The question of spacing for overhead ground wires has been exam- 
ined by Wagner^. Based upon extensive records of lightning 
Induced outages on electric power transmission systems with over- 
head ground wires, Wagner concludes that for an isokeraunic 

level of 30, failures per 100 miles of line approximate zero 
for a total protective angle of 45 degrees rising to 1/2 per year 
at 60®, 2 per year at '75® and 7 per year at 90® - a yearly expo- 
nential increase. For a 53® protective angle the spacing between 

overhead wires would equal their height above the protected 
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structure. Waldorf found that strokes to power lines (in an area 

of Isokeraunic level 30-40) averaged 126 strokes per 100 miles per* 

year. If we take the ratio of outages to the average number of 

strokes as a percentage this yields approximately 0.1% for over- 
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head wire with spacing equal to their clearance. Westinghouse 
considers this a point of reasonable diminishing returns. 

The overhead canopy of groudd wires appears to offer a very cost- 
effective protection scheme for PV arrays. 

SUMMARY 

For structures of modest height, the cloud chiefly determines the 
timing and general area of a strike, while the configuration of 
a structure (and its protection) determine the specific point of 
strike . 

An extensive, low-lying structure such as a photovoltaic array wil 
experience lightning strikes in proportion to the local isokeraunic 
level and the area of the array. Without overhead ground wires, 
the corners of the array structure represent likely strike points. 
With several overhead ground wires spaced equal to their clearance 
above the array, the strike probability to the array may be made 
negligibly small by diversion of the strike to the ground wires. 

If the ground wire clearance is modestj (comparable to array height 
the increased strike probability to the area will be slight. 
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